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FORKMORD 


The  precision  of  a  gun  sysf.em  clearly  Involves  the 
dynamics  of  the  gun  carrier,  ground  characteristics,  and 
Interior  and  exterior  ballistics.  It  is  a  problem  of 
enormous  complexity  and  Is  often  divided  Into  different 
phases  for  Investigative  purposes.  While  the  division  of 
the  task  Is  convenient  and  often  necessary,  one  should 
always  keep  In  ml  \d  that  the  different  phases  Interact  and 
the  dynamic  forces  are  usually  coupled.  This  fact 
ne icssltates  an  interccttve  process  or,  better  yet,  a 
complete  system  approach.  If  at  all  possible,  to  the 
precision  problem. 

During  recent  years,  one  has  witnessed  great  strides 
In  various  branches  of  continuum  mechanics,  kinematic 
designs,  and  numerical  and  computer  techniques  for  solving 
problems  of  great  complexity  as  well  as  in  the  areas  of 
experimental  mechanics  and  Instrumentation.  It  appears 
feasible  now  more  than  ever  to  gain  understanding  and  to 
improve  the  design  of  gun  systems  for  greater  accuracy  by 
exploiting  the  new  technological  advances.  The  present 
Symposium  represents  the  continuing  Interest  of  the  U.S. 
Army  in  this  direction. 
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These  proceedings  contain  nearly  thirty-five  papers 
presented  at  the  Symposium  held  at  the  Illlton  Inn  of  the 
Palm  Beaches,  Riviera  Beach,  FL,  during  7-9  May  1985.  The 
papers  represent  the  current  research  efforts  on  gun 
dynamics  and  its  effect  on  precision  and  design  by 
industrial,  university,  and  Department  of  Defense 
Laboratories  in  the  United  States  and  two  allied  nations  - 
the  United  Kingdom  and  the  Federal  Republic  of  West 
Germany. 

The  editors  gratefully  acknowledge  the  work  of  Ellen  Fogarty 
in  preparing  volumes  1  and  II  of  Gun  Dynamics,  and  her 
assistance  in  the  collection  of  the  papers  and  the  required 
clearances. 
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ABSTRACT: 

This  paper  outlines  the  Importance  ot  an  accurate  projectile  launch 
definition  to  gun  accuracy,  project  lie-gun  dynamics  models,  and  gun  system 
diagnostics;  reviews  the  technology  which  Is  available  for  the  Investigation 
of  the  projectile  disengagement  mechanism  from  the  gun  barrel;  discusses  the 
relevant  Instrumentation  and  measurement  methods;  and  describes  the  ongoing 
research  efforts,  thus  providing  the  introduction  and  basis  to  the  other 
papers . 


This  paper  was  unavailable  at  the  time  the  Proceedings  were  publis'^'ed. 
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ABSTRACT: 

Acquistlon  of  data  pertaining  to  the  launch  parameters  of  a  projectile  Is 
very  Important  for  understanding  the  underlying  causes  of  projectile-gun 
system  inaccuracy.  These  experimental  data  are  also  necessary  in  the 
validation  of  the  theoretical  modelling  of  projectile-gun  systems.  During  the 
past  several  years,  the  lialllstlc  Research  Laboratory  has  been  developing  a 
new  technique  to  measure  projectile  and  gun  tube  motion  during  the  launch  of 
the  projectile.  As  part  of  the  ongoing  program,  the  Ballistic  Research 
Laboratory,  US  and  the  Royal  Armament  Research  and  Development  Establishment, 
UK,  recently  conducted  a  joint  collaborative  firing  experiment  with  a  40- mm 
gun.  The  primary  purpose  of  the  experiment  was  to  assess  the  BRL  system  by 
performing  parallel  measurements  using  standard  electrooptlcal  methods.  This 
paper  presents  a  brief  description  of  the  measurement  techniques  used,  the 
firing  experiment,  and  a  brief  discussion  of  the  preliminary  results. 

BIOGRAPHY: 

PRESENT  ASSIGNMENT:  Electronic  Development  Technician,  Ballistic 
Research  Labe  ratory,  Aberdeen  Proving  Ground,  MD,  21005-5006 

PAST  EXPERIENCE:  Thirty-five  years  of  electronic  experience  which 
includes  Radar  system  repair  (1948-1956),  Design  of  specialllzed  High 
Frequency  receivers  and  Phase  Locked  tracking  filters  used  for  Upper 
Ionosphere  research  (1956-1972),  Ultrasonic  testing  of  simulated  rocket 
propellant  Including  the  design  of  the  ultrasonic  test  equipment  (1972- 
1976).  Design  of  special  measurement  techniques  related  to  iuterior  and 
launch  ballistics  of  projectile-gun  systems  in  particular  the  RPO  or 
Muzzleschmidt  technique  to  measure  projectile  velocity,  exit,  and  transverse 
displacement  (1976-present). 
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DESCRIPTION  OF  THE  JOINT  BRL-RARDE  40-MM  EXPERIMENT  TO  DEFINE  PROJECTILE 
LAUNOI 


m.  JIMMY  Q.  SCHMIDT 
U.S.  ARMY  BALLISTIC  RESEARCH  LABORATORY 
ABERDEEN  PROVING  GROUND,  M)  21005-5006 

MR-  THOMAS  0.  ANDREWS 

ROYAL  ARMAMENT  RESEARCH  AND  DEVELOPMENT  ESTABLISHMENT 
FORT  HALSTEAD,  UK 


1.  INTRODUCTION 

In  May  1982  a  new  measurement  technique  II)  which  provides  measurements 
of  projectile  fanfiversp  displacement  during  mu^czle  exit  was  presented  by  the 
Ballistic  Research  Laboratory  (BRL),  at  the  Third  U.S.  Army  Symposium  on  Gun 
Dynamics.  This  new  technique  Is  a  four  sensor  coll  arrangement  derived  from 
the  Radio  Frequency  Oscillator  (RFO)  velocimeter  commonly  referred  to  as  the 
"Muzzleschmidt" .  This  method  aroused  considerable  interest  among  the  visiting 
delegation  of  the  Royal  Armament  Rejearch  and  Development  Establishment 
(RARDE),  from  the  United  Kingdom  (UK),  because  of  its  high  potential  of 
providing  the  experimental  means  for  defining  the  projectile  launch. 

The  importance  of  accurately  defining  projectile  launch  paramf-ers  and 
some  of  the  previous  experimental  methods  used  to  obtain  such  data  are 
discussed  in  the  opening  paper  of  the  Session,"  Technology  Review  on 
Projectile  Disengagement"  by  Dr.  R.K.  Loder  (BRL)  and  Dr.  Roger  K,  Fancett 
(RARDE) . 

During  subsequent  discussions  between  BRL  and  RARDE  personnel  it  was 
evident  that  both  the  US  and  the  UK  would  benefit  from  a  joint  BRL/RARDE 
program  to  asjess  the  ability  and  accuracy  of  the  Schmidt  displacement 
transducers  to  measure  both  the  projectile  motion  with  respect  to  the  gun 
muzzle  and  the  gun  muzzle  nrotlon  with  respect  to  the  ground  during  the 
projectile-barrel  disengagement.  BRL  would  provide  measurements  using  the 
Muzzleschmidt  technique  while  the  UK  made  measurements  using  their  optical 
methods.  By  performing  the  test  In  the  UK,  RARDE  personnel  would  be  able  to 
obtain  a  direct  comparison  of  the  measurement  techniques  and  to  assess  the 
relative  merits  of  each.  The  US  while  also  obtaining  the  direct  comparison 
would  in  effect  obtain  a  dynamic  calibration  of  th.'  BRL  method.  This  would  be 
highly  desirable  since  the  sensitivity  of  the  RFO  sensor  to  mechanical 
displacement  Is  at  least  an  order  of  magnitude  greater  than  what  is  easily 
obtained  with  a  mechanical  test  calibrator. 
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In  May  1983,  Mr.  J.Q.  Schmidt,  BPL,  visited  RARDE  to  coordinate  with  Mr, 
T.O.  Andrews  and  consider  all  the  technical  details  and  the  time  table  for 
preparing  and  conducting  the  joint  firing  experiment.  This  joint  experiment 
was  carried  out  at  RARDE  in  June  1984 .  This  paper  covers  the  experimental 
aspect  of  the  joint  collaborative  firing  experiment.  A  paper  on  the  data 
analysis  will  be  given  later  in  this  Session. 

The  objective  of  this  trial,  fired  in  RARDE/GR2*s  range  at  Fbrt  Halstead 
using  a  40-nim  gun,  was  to  compare  the  results  obtained  from  Radio  Frequency 
inductive  loop  devices,  developed  at  BRL,  with  the  results  of  observations 
using  optical  devices  developed  in  the  UK  by  Hunting  Engineering  Ltd,  (HEL) 
and  by  RARDE . 

2  .  GENERAL  OUTLINE  OF  THE  TEST 

A  total  of  twenty-one  40-mm  L60  ogival  nosed  projectiles  were  fired  at 
velocities  of  approximately  500  m/sec,  using  the  RARDE  Ord .  Q.F.  40/70  gun. 

One  half  of  the  projectiles  were  essentially  unmodified  and  the  other  half 
deliberately  unbalanced  to  provide  a  yaw  in  excess  of  the  maximum  yaw  normally 
encountered  with  this  projectile-gun  system.  Twelve  of  the  rounds  had  a  0.254 
mm  undercut  from  5.00  mm  behind  the  bourrelet  to  5.00  mm  in  front  of  the 
rotating  band.  This  undercut  is  used  to  accurately  relate  longitudinal  points 
on  the  recorded  waveform  corresponding  to  longltudal  points  on  the  projectile, 

BRL  provided  the  Instrumentation  for  the  measurements  of  the  displacement 
of  the  projectile  with  respect  to  the.  bore  axis  during  shot  exit  using  the 
Muzzleschmldt  technique.  Measurements  were  made  at  two  locations,  one  at  the 
muzzle,  and  one  2.54  cm  forward  of  the  first  sensor.  The  use  of  dual  sensors 
allows  the  rate  of  yaw  determination.  BRL  also  provided  a  gun  tube  motion 
measurement  with  respect  to  ground  during  shot  exit,  using  a  modified 
Muzzleschmldt  detector.  Shot  exit  time  was  obtained  by  the  BRL  projectile 
displacement  senior.  Since  the  gun  tube  motion  after  shot  exit  may  exceed  the 
clearance  between  the  gun  tube  and  the  tuba  motion  sensor,  RARDE  built  a 
mechanical  sliding  platform  to  pull  the  gun  tube  motion  sensor  clear  of  the 
gun  after  shot  exit. 

RARDE  provided  measurements  of  gun  tube  motion  at  two  stations  some 
distance  to  the  rear  of  the  BRL  sensor  mounting  collar,  using  the  HEL 
electrooptical  device  incorporating  a  collimated  light  beam  and  knife  edges. 
During  the  latter  stages  of  the  test  RARDE  measured  the  projectile  In-bore 
yaw,  using  Peter  Fuller's  laser  and  optical  grating  method.  In  addition  to 
the  specific  test  requirements,  RARDE  also  measured  breech  pressure, 
projectile  velocity,  and  target  strike.  RARDE  provided  the  data  recording 
facility.  Projectile  displacements  were  recorded  on  Nlcolet  digital 
oscilloscopes  with  backup  recording  by  a  high  speed  digital  data  logger.  Tube 
motion  measurements,  both  BRL  and  RARDE,  plus  shot  exit  time  were  recorded  on 
a  second  data  logger  with  backup  recording  on  an  analog  tape.  Data  recorded 
on  the  data  loggers  were  transferred  to  the  Nicolet  oscilloscope  for  storage 
on  floppy  disc.  This  enabled  BRL  to  hand  carry  the  recorded  data  back  for 
processing.  The  RARDE  in-bore  yaw  data  were  recorded  on  film. 

One  of  the  prime  areas  of  concern  was  the  mechanical  compatibility  which 
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is  quite  often  taken  too  lightly.  When  fabricating  parts  to  fie  a  gun  tube 
based  on  mechanical  drawings,  quite  often  problems  are  encountered  such  as 
improper  thread  mating  and  unexpected  variation  in  tolerances.  To  eliminate 
any  last  minute  problems,  RARDE  fabricated  the  mounting  collar  in  the  UK  based 
on  BRL  requirements,  assured  proper  fitting  of  the  collar  to  the  gun  tube  and 
sent  It  to  BRL  for  the  sensor  and  electronics  to  be  installed. 

3  .  MEASUREMENT  TEQINIQUES 

As  previously  mentioned,  BRL's  measurements  are  based  on  the  RPO 
( Muzzieschmidt)  technique  while  RARDE*s  measurements  on  optical  methods.  Each 
method  has  its  relative  merits  and,  by  conducting  parallel  measurements,  a 
better  assessment  of  each  method  is  obtained.  In  addition,  in  view  of  the 
Information  exchange  program  between  the  US  and  the  UK,  the  expertise  gained 
by  the  parallel  test  will  be  valuable  in  future  information  exchanges. 

A.  BRL,  Dual  Projectile  Displacement  Measuring  System  (Hizzleschraldt) 

Several  years  ago  the  RFD  technique  was  developed  by  BRL  to  provide  a 
method  for  measuring  projectile  velocity  directly  at  the  muzzle,  primarily  on 
rapid  fire  guns  or  moving  gun  systems.  The  basic  concept  is  quite  simple,  an 
inductive  loop  exciued  by  a  radio  frequency  oscillator  and  clamped  to  the 
muzzle  face  detects  the  metallic  parts  of  the  projectile  as  it  passes  through 
it  [2] .  The  detected  signal  is  an  electrical  pulse  representative  of  the 
geometric  configuration  of  the  projectile.  Knowing  the  projectile  length,  the 
measurement  of  the  time  duration  of  the  detected  pulse  provides  a  measurement 
of  muzzle  velocity.  Experience  gained  In  the  development  of  the  RFO 
veloclmeter  lead  to  the  development  of  the  RPO  system  tr  measure  projectile 
transverse  displacement  during  muzzle  exit  (3]  .  The  basic  operation  of  the 
system  Is  explained  in  detail  In  the  reference  so  only  a  very  brief 
explanation  will  be  given  here. 

In  the  RPO  displacement  measuring  system,  the  single  circular  sensor  used 
in  the  velocity  measuring  system  is  replaced  by  a  four  segment  sensor  which  is 
configured  to  provide  two  semi-circular  loops  in  the  horizontal  plane  and  two 
senil-clrcular  loops  in  the  vertical  plane  as  shown  in  Figure  1  .  Each  sensor 
loop  is  responsive  to  the  proximity  of  the  metallic  parts  of  the  projectile  to 
it.  By  electronically  differencing  the  signal  from  the  left  and  right  loops  a 
measurement  of  the  projectile  displacement  from  the  center  axis  is  obtained  as 
a  function  of  time.  Vertical  projectile  displacement  Is  obtained  in  the 
identical  way.  The  displacements  from  the  center  axis  in  the  horizontal  and 
vertical  plane  as  a  function  of  time  yield  the  angle  and  the  orientation  of 
the  projectile  yaw.  By  electronically  summing  the  detected  signals,  a  pulse 
Is  obtained  from  which  velocity  can  be  computed  or  used  simply  as  a  very 
precise  muzzle  exit  time. 

Shown  in  Figure  2  is  the  basic  block  diagram  of  the  sensors  and  the 
summing  and  differencing  circuits.  The  detected  waveforms  shown  correspond  to 
the  detected  signal  of  a  cylindrical  projectile  perfectly  aligned  In  the 
horizontal  plane.  Should  the  projectile  be  displaced  from  center  but  have  no 
yaw,  a  positive  or  negative  pulse  would  be  obtained,  the  polarity  being 
dependent  on  the  direction  of  the  displacement  from  the  axis  and  the  magnitude 
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Figure  1.  The  Basic  Sensor  Ooll  (bnf Iguratlon  for  Measuring  Projectile 
Displacement 

corresponding  to  the  amount  of  displacement.  The  signal  shown  in  the  vertical 
channel  represents  the  projectile  ’  1th  a  fixed  yaw  in  the  vertical  plane  as 
indicated  by  the  linear  slope  of  the  pulse.  If  a  rate  of  yaw  were  present  at 
the  time  the  projectile  was  passing  the  sensor,  the  slope,  would  be  non¬ 
linear.  The  summed  signal  Is  used  to  provide  a  profile  of  the  pulse  to  assess 
the  acquired  data,  obtain  muzzle  velocity,  and  for  use  as  a  muzzle  exit 
trigger.  The  summed  signal  Is  used  to  trigger  the  recording  device.  This  Is 
necessary  because  the  differenced  signals  can  be  either  positive  or  negative¬ 
going  or  even  essentlallj'  zero,  depending  on  the  orientation  of  the  projectile 
as  it  passes  through  the  sensor. 

By  using  two  sensors,  spaced  a  knovm  distance  apart,  the  rate  of  yaw  can 
be  obtained  from  the  simultaneous  displacement  measurements  of  the  front  and 
rear  section  of  the  projectile.  This  of  course  Is  an  oversl-aplif icatlon  of 
the  complexity  of  the  analysis,  when  one  considers  the  complex  motion  caused 
by  the  longitudinal  displacement,  the  spin  of  the  projectile,  the  rate  of  yaw 
during  disengagement,  gun  tube  motion,  and  minute  sensor  to  gun  displacements 
caused  by  stress  waves  being  propagated  down  the  gun  tube .  A  complete 
mathematical  analysis  of  the  projectile  motion  will  be  given  In  the  data 
analysis  paper  to  follow  this  paper . 

Shown  in  Figure  3  Is  the  block  diagram  of  the  dual  projectile 
displacement  measuring  system.  The  sensor  and  amplifier  assemblies  are 
contained  In  two  electronic  housing  boxes  mounted  on  the  collar  at  the  gun 
muzzle.  The  horizontal  and  vertical  difference  signals  plus  the  horizontal 
summed  signal  from  each  sensor  are  coupled  to  the  recording  facility  via  co¬ 
axial  cables.  Unity  gain  Isolation  amplifiers  in  the  recording  facility  are 
used  to  minimize  50  Hz  ground  loop  currents.  The  horizontal  and  vertical 
difference  signals  from  each  sensor  were  recorded  on  Nlcolet  digital 
oscilloscopes,  using  the  horizontal  summed  signal  as  a  trigger. 

B.  BRL,  Gun  Tube  Matlon  Measurement  System 

Since  the  measurements  of  projectile  dlsplacerae  •;  are  with  respect  to  the 
gun  tube  on  which  the  sensors  are  mounted,  gun  tube  motion  measurements 
relative  to  ground  must  be  made  in  order  to  accurately  determine  projectile 
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horizontal  and  vertical  planes.  Ideally,  the  clearance  between  the  gun  tube 
and  the  sensor  ring  should  be  large  enough  that  the  gun  tube  would  not  strike 
the  sensor  when  counter -recoiling  to  the  rest  position.  If  the  spacing 
between  tne  sensor  ring  and  the  muzzle  face,  or  In  this  case  the  mounting 
collar,  is  Increased,  the  radiated  field  depth  is  greater,  permitting  the 
sensor  to  be  further  from  the  gun.  This  causes  a  loss  of  definition  of  the 
signal  which  is  undesirable  for  projectile  mtasurements;  however,  for  tube 
motion  measurements  an  accurate  definition  of  the  longitudinal  displacement  of 
the  gun  is  actually  not  necessary.  This  permits  increasing  the  spacing 
between  sensors  for  gun  tube  motion  measurements.  By  placing  two  additional 
rings  of  printed  circuit  (PC)  substrate  between  the  horizontal  and  vertical 
sensors  and  one  between  each  sensor  and  the  metal  mounting  collar,  the 
radiated  field  depth  was  increased  to  provide  measurements  with  a  sensor  ring 
which  is  10.0  mm  larger  in  diameter  than  the  gun. 

Electrically,  the  sensor  and  associated  circuitry  were  identical  with 
that  used  to  measure  projectile  displacement  with  the  exception  of  a  lesser 
signal  bandwidth  requirement.  Mechanically,  the  sensor  consists  of  a 
vertically  oriented  sensor  loop  mounting  attached  to  a  small  box  housing  the 
electroiilcs .  The  box  was  mounted  to  an  adjustable  base  providing  horizontal 
and  vertical  adjustments  to  position  the  sensor  loops  equidistant  from  the 
outer  surface  of  the  gun.  Shown  in  Figure  4  is  the  basic  configuration  used 
for  gun  tube  motion  measurements. 


Figure  4.  The  Basic  BRL  Cbnf iguratton  Used  for  Gun  Tube  Matlon  Measurements 

Since  this  was  the  first  test  of  the  RFD  technique  to  measure  the 
transverse  motion  of  the  gun  tube  at  projectile  exit  and  the  required 
sensitivity  was  unknown,  it  was  decided  that  5  .0  mm  clearance  would  be 
sufficient  for  tube  displacement  before  and  immediately  after  muzzle  exit. 
However,  provisions  had  to  be  made  to  pull  the  sensor  forward  several 
centimeters  after  projectile  exit  so  that  the  tube  ,  after  recoil,  did  not 
strike  the  sensor.  It  may  be  possible  to  increase  the  diameter  of  the  sensor 
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rings  sufficiently  to  prevent  Interaction  between  the  tube  and  the  sensor  in 
future,  tests. 

C.  RARDE,  Gun  Tube  Motion  Measurement  Technique 

One  optical  method  to  measure  gun  tube  motion  is  the  use  of  a  collimated 
light  beam  passing  over  a  knife  edge  and  partially  illuminating  a  large  area 
light  sensitive  diode  through  a  narrow  slit  [4] .  To  measure  transverse  gun 
tube  motion,  knife  edges  (razor  blades)  are  mounted  to  the  gun  tube  parallel 
to  the  tube  axis  and  perpendicular  to  the  light  beam.  The  razor  blade  is 
positioned  to  partially  block  the  light  beam  passing  through  the  slit  masking 
the  photo-diode.  If  the  razor  is  mounted  in  a  vertical  posit  on,  partially 
obscuring  the  light  beam,  than  any  vertical  tube  motion  will  move  the  razor 
blade  and  cause  a  lesser  or  greater  amount  of  light  to  strike  the  sensor.  The 
detected  signal  is  amplified  and  recorded.  The  signal  Is  proportional  to  the 
gun  tube  motion  in  the  vertical  plane.  By  using  two  light  sources  and  sensors 
positioned  orthogonally,  both  the  horizontal  and  vertical  components  of  tube 
motion  can  be  measured.  The  basic  test  set  up  used  to  measure  tube  motion  la 
shown  in  Figure  5 . 


LIGHT  SOURCE 


Figure  5.  The  Basic  Electrooptlcal  System  To  Measure  Gun  Tube  Motion 
n.  RARDE,  Projectile  In-bore  Yaw  Measurement  System 

This  system  determines  the  In-bore  yaw  of  a  projectile  by  the  deflection 
of  a  parallel  beam  of  laser  light  reflected  from  its  nose  [5]  .  The  light  from 
a  l6mW  HeNe  laser  (wavelength  0.000632  ram)  is  focused  by  a  lens  fitted  to  the 
laser  to  give  a  point  source  of  light  in  the  focal  plane  of  a  concave  ml.ror 
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300  am  In  diaiaeCer  (focal  length  1220  mn,  48  inches).  The  lens  Is  chosen  so 
that  the  olrror  produces  a  beam  of  parallel  light  about  25  ton  in  diameter. 

This  beam  of  light,  Figure  6,  is  reflected  by  plane  mirrors  to  lie  along 
the  bore  axis.  It  is  then  reflected  back  by  a  reflective  optical  grating 
fixed  to  the  nose  of  the  orojectlle  and  set  to  be  accurately  perpendicular  to 
the  projectile’s  axis.  The  grating  has  equal  widths  of  reflecting  and  non- 
reflecting  surface,  the  reflecting  strips  being  spaced  at  Intervals  of 


Figure  6  .  The  Complete  Instrumentation  Layout 

0.4233  mm.  The  area  of  the  grating  Is  divided  Into  two,  with  the  grating 
lines  on  one  half  being  perpendicular  to  the  lines  on  the  other  half.  The 
reflected  light  then  consists  of  a  central  beam  and  four  beams  representing 
the  two  first-order  diffraction  beams  from  each  half  of  the  grating.  When 
these  beams,  which  return  via  the  plane  mirrors  to  the  concave  mirror,  are 
brought  to  a  focus  they  produce  five  spots  In  the  form  of  a  "quincunx"  (S-spot 
die  pattern). 

A  half-silvered  mirror  Is  placed  between  the  laser  and  the  concave  mirror 
to  act  as  a  beam  splitter.  This  reflects  the  returning  beams  away  from  the 
laser  to  where  the  spots  can  be  recorded  on  a  cine  film,  at  about  6000  frames 
per  second.  The  ends  of  fibre  optic  light  guides  are  positioned  In  the  focal 
plane  of  the  camera  to  provide  reference  points  for  film  reading  end  film 
orientation. 

The  angular  divergence  of  the  beams  producing  the  spot  pattern  depends 
only  on  the  grating  spacing  and  on  the  laser  wavelength  and  so  provides  an 
automatic  yaw  angle  calibration.  With  the  laser  and  gratings  used  for  this 
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trial,  each  outer  spot  is  at  an  angle  of  0.0855  degrees  from  the  central  spot; 
but,  as  a  yaw  angle  of  0 .1  degrees  will  deflect  the  spot  pattern  as  a  whole  by 
0 .2  degrees ,  the  yaw  scale  is  obtained  by  taking  the  diagonal  pairs  of  outer 
spots  as  being  0.0855  degrees  apart. 

If  the  light  beam  reflected  down  the  bore  is  truly  parallel,  then 
deflection  due  to  yaw,  as  viewed  in  the  focal  plane  of  the  concave  mirror,  is 
independent  of  the  projectile's  travel.  Any  change  in  scale  which  may  occur 
will  be  shown  by  a  corresponding  change  in  the  spot  pattern  size. 

E .  Data  Recording 

The  prime  consideration  In  choosing  the  method  of  recording  the  trials 
data  was  the  need  to  provide  copies  of  the  data  for  BRL  in  a  form  suitable  for 
analysis  in  the  United  States,  and  preferably  available  to  be  taken  to  BRL 
immediately  at  the  end  of  the  trial.  This  requirement  Involved  more  effort 
than  all  other  aspects  of  RARDE's  preparation  for  the  trial. 

The  recording  system  assembled  was  largely  digital,  with  an  analog  tape 
recorder  as  back-up  for  the  low-frequency  records,  l.e.,  barrel  motion  and 
chamber  pressure,  with  one  projectile  profile  as  a  synchronizing  signal. 

Three  Nlcolet  Explorer  III  two-channel  digital  oscilloscopes  were  used  to  make 
the  primary  high-frequency  recordings  of  the  outputs  of  the  Schmidt 
displacement  transducers,  with  a  Datalabs  DL2800  transient  recorder  as  back¬ 
up.  The  primary  low-frequency  records  were  made  using  an  eight  channel 
Datalabs  DL1200  transient  recorder. 

A  Digital  Equipraent  Oarp,  MING  11/03  computer  was  used  to  control  the 
transfer  of  data  from  the  Datalabs  recorders  into  one  of  the  Nlcolet 
oscilloscopes  and  the  recording  of  all  the  data  on  Nlcolet  disks.  This  could 
readily  be  done  in  a  few  minutes  between  rounds.  As  opportunity  offered  the 
data  were  copied  from  the  Nlcolet  disks  onto  MING  disks  for  later  analysis  at 
PARDE  so  that  the  Nlcolet  disks  were  available  to  be  taken  to  BRJ^  for 
analysis . 

4 .  DETAILS  OF  THE  BRL  SENSORS 

As  agreed,  preliminary  and  final  drawings  of  the  mounting  for  the 
projectile  displacement  sensor  were  exchanged  between  BRL  and  RARDE.  The 
mounting  collar  was  than  fabricated  by  RARDE.  During  the  time  the  collar  was 
being  fabricated,  the  electronics  were  constructed  as  far  as  possible  without 
the  sensor  assembly.  Upon  receipt  of  the  collar,  sensor  rings  were  fabricated 
by  BRL.  Each  sensor  consist  of  three  rings  constructed  from  FG  substrate. 
Approximately  0 ,6  mm  of  copper  was  removed  from  the  ID  of  the  rings  and  the 
adjacent  ring  undercut  by  the  thickness  of  the  copper  clad  as  shown  in  Figure 
7 .  This  placed  the  ID  of  the  sensor  rings  behind  a  protective  layer  of  PC 
substrate  and  provided  a  seal  when  epoxied  together.  This  protective  layer 
was  to  prevent  any  metallic  parts  of  the  rotating  band  from  striking  the 
sensor  elements.  After  the  sensor  loops  were  formed  from  the  copper  clad  and 
leads  attached,  the  sensor  rings  were  epoxied  into  the  sensor  housing  and  held 
In  place  by  rings  which  screwed  Into  the  housing. 
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Figure  7.  Projectile  Displacement  Sensor  Rings  Before  Sensor  Ijoop  Formation 

The  complete  sensor  mounting  collar  was  then  assembled  and  connected  to 
the  oscillator  circuitry.  The  electronics  for  the  muzzle  sensor  were  housed 
in  a  box  on  one  side  of  the  collar,  while  the  electronics  for  the  front  sensor 
were  housed  in  a  box  on  the  opposite  side. 

The  muzzle  attachment  consisted  of  a  collar  screwed  onto  the  muzzle  with 
a  ring  bolted  to  the  forward  surface  containing  two  sets  of  BRL  loops,  one 
close  to  the  muzzle  face  and  the  other  25.4  mm  further  forward,  for  the 
observation  of  the  position  of  the  projectile.  A  further  ring  bolted  to  the 
front  of  the  attachment  provided  a  measuring  surface  for  the  "tube  motion" 
loop . 


Shown  in  Figure  8  is  a  drawing  of  the  collar  assembly  and  the  relative 
positions  of  the  sensor  elements  and  the  gun  tube. 

The  complete  projectile  sensor  assembly  was  electrically  checked  out  and 
mounted  on  a  dummy  gun  tube .  Sensitivity  checks  were  made  using  a  mechanical 
calibrator  consisting  of  a  steel  cylinder  with  the  diameter  of  the  projectile, 
which  was  Inserted  into  the  sensor  area.  The  steel  cylinder  was  displaced 
from  the  center  line  of  the  bore  axis  in  0.127  mm  increments  and  measurements 
were  made  in  the  radial  direction  every  thirty  degrees  by  inserting  the  face 
plate  of  the  calibrator  into  guide  pin  holes.  The  following  sensitivities 
were  measured. 

Ikizzle  Sensor  Front  Sensor 

Left  -  Right  8.6  V/mm  Left  -  Right  8.32  V/mm 

Up  -■  Down  8.58  V/mm  Up  -  Down  7.76  V/imn 

With  sensitivities  in  the  order  of  8.0  V/nrn  it  is  easy  to  see  the  need  for 
an  extremely  precise  mechanical  calibrator  which  at  this  time  is  not 
available.  Therefore,  at  tbi  present  time,  the  calibration  constants  are 
obtained  via  statistical  data  analysis.  More  precise  calibration  relations 
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Figure  8.  Relative  Positions  of  Projectile  Sensors  and  Gun  Tube 

based  on  the  statistlccil  analysis  are  used  In  the  actual  data  analysis  of  the 
recorded  data. 

Shown  in  Figure  9  is  the  complete  projectile  sensor  assembly  before 
mounting  to  the  gun  tube.  The  assembly  replaces  the  flash  hider  which  is 
normally  screwed  onto  the  gun . 

The  tube  motion  sensor  performs  electrically  identical  to  the  projectile 
sensor;  however.  In  this  case  the  sensor  surrounds  the  muzzle  collar  rather 
than  the  emerging  projectile.  Since  longitudinal  definition  is  not  necessary 
for  tube  motion  measurements,  and  a  greater  spacing  is  required  between  the 
sensor  and  the  gun,  the  spacing  between  the  sensor  elements  was  Increased. 
Instead  of  three  PC  rings  with  a  one  PC  ring  spacing  between  elements  as  used 
for  the  projectile  sensor,  six  PC  rings  were  used  with  the  sensing  elements 
spaced  two  PC  substrate  thicknesses  apart.  This  provided  a  usable  depth  of 
the  radiated  electromagnetic  field  of  at  least  6.00  mm. 

The  tube  motion  sensor  was  mounted  to  the  dummy  gun  tube  fixture  with  the 
projectile  sensor  collar.  Calibration  was  performed  by  recording  the 
horizontal  and  vertical  output  voltages  while  repositioning  the  sensor 
assembly  with  its  horizontal  and  vertical  adjustments  on  the  base.  Again  this 
is  a  rather  crude  method  to  calibrate,  but  at  this  time  no  other  calibration 
rig  is  available .  The  horizontal  sensitivity  was  found  to  be  5 .2  V/mm  and  the 
vertical  sensitivity  was  4.8  V/ram,  These  sensitivities  we’’e  with  reduced  gain 
in  the  amplifier.  Additional  gain  can  be  provided  by  the  impllfier  but  this 
would  limit  the  dynamic  range  of  the  measurement  because  of  the  amplifier 
output  limiting  due  to  the  voltage  swing.  This  sensitivity  provides  a  dynamic 
range  of  tube  motion  of  approximately  ±  2.5ram.  Figure  10  is  a  photograph  of 
the  completed  tube  motion  sensor. 
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figure  9.  Complete  Projectile  Sensor  Assembly 
5.  DETAILS  OP  THE  TEST 

The  actual  firing  tests  were  conducted  at  the  RARDE  test  range  during  the 
two  week  period  of  29  toy  through  12  June  1984.  Interfacing  the  BRL  equipment 
to  the  RARDE  facility  proceeded  extremely  well  with  no  problems  being 
encountered  either  mechanically  or  electrically.  The  following  data  were 
recorded,  the  longitudinal  position  given  here  being  only  approximate. 

BRL,  Projectile  Horizontal  Displacement  at  the  hfuzzle  (Muzzle  L-R) 

BRL,  Projectile  Vertical  Displacement  at  the  Muzzle  (Muzzle  U-D) 

BRL,  Projectile  Summed  Horizontal  Displacement  at  the  Muzzle  (Muzzle  L+R) 
BRL,  Projectile  Horizontal  Displacement  2.54  cm  forward  of  the  Mizzle 
Sensor  (Front  L-R) 

BRL,  Projectile  Vertical  Displacement  2.54  cm  forward  of  the  Muzzle  Sensor 
(Front  U-D) 

BRL,  Projectile  Summed  Horizontal  Displacement  2.54  cm  forward  of  the 
Muzzle  Sensor  (Front  L+R) 

BRL,  Vertical  Tube  Motion  at  the  Muzzle  (BRL  U-D,^ 

BRL,  Horizontal  Tube  Motion  at  the  Muzzle  (BRL  L-R) 

BRL,  Projectile  Muzzle  Exit 

RARDE,  Vertical  Tube  Motion,  32.5  cm  from  the  Muzzle  (HEL  Front  Vertical) 
RARDE,  Horizontal  Tube  Motion,  32.5  cm  from  the  Muzzle  (HEL  Front 
Horizontal) 

RARDE,  Vertical  Tube  Motion,  44.5  cm  from  the  Muzzle  (HEL  Rear  Vertical) 
RARDE,  Horizontal  Tube  Motion  44,5  cm  from  the  Muzzle  (HEL  Rear 
Horizontal) 

RARDE,  Breech  Pressure 
RARDE,  Projectile  Velocity 
RARDE,  Projectile  In-bore  Taw 

RARDE,  Projectile  Strike  Coordinates  at  the  Target 
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Figui.«  10  •  Tills  uOiuplcCe  Tube  Mitluii  SeiiuOi  At  &eiubly 

In  addition  to  these  primary  recordings,  all  projectile  and  tube  motion 
measurements  were  put  on  backup  recording  devices  to  prevent  loss  of  data. 


Shown  in  Figure  11  is  the  BRL  and  RARDE  instrumentation  attached  to  the 
40-nim  gun.  The  laser  set  up  to  measure  in-bore  yaw  is  not  shown  in  this 
photograph . 


Nineteen  rounds  were  fired  during  the  two  week  test  period  with  two 
additional  rounds  being  fired  by  RARDE,  after  the  BRL  personnel  left,  to 
obtain  additional  projectile  In-bore  data  with  Fuller 's  optical  lever/grating 
system.  The  projectiles  were  all  fired  at  a  velocity  of  approximately  525 
m/sec.  As  previously  mentioned  some  rounds  fired  were  standard  projectile 
configurations  and  some  rounds  were  deliberately  unbalanced.  Details  of  the 
gun  and  projectile  configuration  fired  are  given  below. 


The  gun  and  ammunition  used  were  chosen  because  a  considerable  volume  of 
data  had  been  obtained  for  these  firing  conditions  in  previous  trials . 


Gun: 


Charge : 
Ignition : 


40-mm  L70,  Barrel  No.  E3169,  with  1  in  18  twist  of  rifling, 
muzzle  face  machined  to  remove  chamfer,  BRL  sensor  assembly 
fitted  to  muzzle  in  place  of  "Flash  Hlder."  Adapted  into  6  Pdr . 
7  cwt  breech  rings  and  recoil  mechanism  mounted  on  range  stand . 

All,  95  grams  SC/ Z,  0.02  mm  scroll  propellant. 

No.  12  MC4  Percussion. 
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Figure  11  ,  BRL  and  RARDE  Instrumentation  Attached  to  the  4U-mm  Gun 

Pro.jecttles! 

All  A  shell  body,  40  tnm/T  tk  4,  Part  No.  SX252  ,  fitted  with  a  steel 

base  plug  of  local  manufacture  in  place  of  a  tracer. 

Type  A  Fitted  with  an  ogival  aluminum  alloy  nose  plug  and  filled  with 

88  grams  of  H.E.  Substitute  wax  giving  a  total  weight  of 
approximately  865  grams .  The  center  of  gravity  is  64 .6  mm  from 
the  base  of  the  shell . 


AtUMMVM  MlOV 

HOSI  KUC 


B  As  A,  but  with  the  outer  surface  of  the  body  turned  down  to  form 

an  "undercut"  0  25  ran  deep  from  5  mm  behind  the  shoulder  to  5  mm 
in  front  of  the  driving  band  ^  a  length  varying  between  34  .62  mm 
and  35.05  nmi.  This  reduces  the  shell  weight  by  8  grams  and 
moves  the  center  of  gravity  0.17  mm  towards  the  base. 


III-65 


SCHMIDT, 


C 


D 

E 


F 

G 


ANDREWS 


As  A,  but  deliberately  unbalanced,  with  a  9o53  mm  (3/8") 
diameter  steel  rod,  77.4  ram  long,  placed  against  one  side  of  the 
shell  cavity,  the  cavity  then  being  filled  with  Bees  Wax,  of 
density  0.95  grara/ml,  rather  than  H.E.  Substitute  wax  of 
density  1.674  gram/ra;  .  The  rod  weighs  43  grams,  and  the  Bees 
Wax  filling  45  grams,  giving  the  same  weight  of  filling  (88 
grams)  and  the  same  total  shell  weight.  With  a  cavity  diameter 
of  27  .53  mm  and  a  rod  diameter  of  9  .53  mm  the  rod  axis  is  9  mm 
from  the  shell  axis.  The  center  of  gravity  of  the  complete 
shell  is  0.39  mm  off  axis  and  possibly  0 .1  mm  nearer  the  base 
than  in  type  A. 


OttiV  au&S  too  lONC 
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With  a  machined  outer  surface  as  B,  and  unbalanced  as  C. 

As  A,  but  with  the  aluminum  alloy  nose  plug  replaced  by  a  flat 
steel  nose  plug  fitted  with  a  reflective  optical  grating  for  In- 
bore  yaw  measurement .  These  shel Is  also  had  a  second  groove 
machined  In  the  body,  behind  the  crimping  groove,  to  take  a 
rubber  obturating  ring,  to  reduce  the  obscuration  by  gas  leakage 
of  the  light  reflected  from  the  optical  grating.  The  total 

shell  weight  Is  still  865  grams  but  the  center  of  gravity  Is 

possible  0.6  mm  nearer  the  base  than  in  type  A. 


mn  fktiDMaaoR*  no«ii} 
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With  a  machined  outer  surface  as  B,  and  with  an  optical  grating 
and  obturating  ring  as  E. 

With  a  machined  outer  surface  as  B,  and  unbalanced  as  C,  with  an 
optical  grating  and  obturating  ring  as  E. 
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6.  ERELIMINAKY  RESULTS 


Since  the  analysis  of  the  recorded  signals  for  the  projectile  and  tube 
motion  is  quite  complex  and  covered  In  detail  in  the  following  papers  in  this 
session,  no  attempt,  is  made  to  present  precise  data  analysis  or  assessment  of 
the  compar/Jtive  results.  However,  preliminary  assessment  of  several  rounds  of 
the  recorded  data  gives  some  insight  on  the  quality  of  the  data  recorded  as 
well  as  the  general  trends  in  the  behavior  of  various  configurations  of  the 
projectile  fired. 


Comparison  of  the  recorded  data  of  tube  motion  seems  to  Indicate  that  the 
tube  motion  of  similar  rounds  is  fairly  conslstant .  The  unbalancing  of  the 
projectile  mass  distribution  produces  a  distinctly  different  motion  near 
muzzle  exit  yet  is  very  similar  within  its  particular  grouping.  Unbalancing 
the  projectile  in  the  opposite  direction  produces  an  opposite  effect  but  still 
similar  within  its  particular  grouping.  Since  only  six  rounds  were  fired  with 
the  center  of  gravity  (OG)  offset  in  the  vertical  plane  (three  with  the  OS  up 
and  three  with  the  03  down),  there  is  not  enough  data  to  come  to  any  firm 
conclusion.  Even  with  a  greater  number  of  data  rounds  statistical  analysis  is 
necessary  before  any  real  degree  of  confidence  can  be  placed  on  the  results. 


This  is  also  true  of  the  analysis  of  the  projectile  motion.  Quick  look 
comparison  of  the  projectile  motion  of  the  unbalanced  rounds  shows  some 
similarity  within  tiieir  particulat  giuupliig  (tlivee  rounds  with  the  03  offset 
up  and  three  rounds  with  the  03  offset  down).  However,  examination  of  the 
records  of  the  balanced  rounds  shows  a  wide  variation  in  the  apparent  amount 
of  projectile  yaw.  Since  these  measurements  are  relative  to  the  gun  tube  and 
the  gun  tube  motion  during  the  launch  phase  of  the  projectile  is  distinctly 
different  for  balanced  rounds  versus  unbalanced  rounds,  complete  analysis  is 
again  necessary. 


Data  from  the  single  BRL  tube  motion  sensor  provides  only  transverse  tube 
displacement  and  not  the  angle  of  the  tube  axis  relative  to  the  line  of 
sight.  In  general,  however,  the  transverse  tube  motion  during  and  immediately 
after  projectile  exit  using  balanced  rounds  is  small  as  compared  to  when 
unbalanced  rounds  are  fired. 


Shown  in  Figure  12  are  the  recorded  difference  signals  of  projectile 
displacement  at  the  muzzle  sensor  for  a  balanced  round  with  a  slight  undercut 
from  5.00  mm  behind  the  bourrelet  to  5.00  ram  In  front  of  the  rotating  band. 

The  recorded  vertical  signal  indicates  that  the  projectile  is  well  centered  in 
the  vertical  plane  with  virtually  no  indication  of  projectile  yaw  relative  to 
the  gun  tube.  The  recording  of  the  horizontal  displacement  indicates  the 
projectile  is  displaced  from  Che  center  axis  but,  as  in  the  case  of  the 
vertical  signal,  with  very  little  indication  of  projectile  yaw.  It  should  be 
noted  that  these  measureiucnts  are  made  with  respect  to  the  center  axis  of  the 
sensors  and  there  can  be  a  slight  displacement  between  the  center  axis  of  the 
sensor  and  the  center  axis  of  the  gun  tube.  This  will  be  taken  into  account 
in  the  actual  data  reduction.  The  signal  Is  clearly  defined  from  the  front  of 
the  bourrelet  to  the  rotating  band .  Figure  13  shows  the  horizontal  summed 
signal  of  the.  same  round.  The  undercut,  the  rotating  hand,  and  the  groove  for 
crimping  the  case  to  the  projectile  are  clearly  defined. 
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Figure  12  Figure  13 


The  recorded  signal  of  the  projectile  displacement  at  the  front  sensor 
for  the  same  round,  Figure  14,  shows  a  substantial  amount  of  yaw  in  both  the 
horizontal  and  vertical  nlanea.  Since  this  yaw  interpretation  is  relative  to 
the  gun  tube  and  the  front  of  the  projectile  has  disengaged  from  the  gun,  it 
must  be  resolved  as  to  whet’.er  the  amount  of  yaw  is  completely  projectile 
related  or  whether  the  muzzle  of  the  gun  is  moving  and  affecting  the 
trajectory  of  the  projectile.  Both  sets  of  Information  are  important  to  gun 
tube  accuracy,  since,  even  if  the  projectile  was  perfectly  aligned  with  the 
gun  tube  axis  but  the  tube  axis  has  actually  moved,  the  trajectory  will  be 
affected  . 

Shown  in  Figure  15  is  the  front-summed  signal.  Here  again  the 
longitudinal  reference  points  such  as  undercut,  rotating  band  and  groove  are 
very  clearly  defined.  The  difference  in  signal  amplitude  in  the  rotating  band 
area  can  be  attributed  to  the  relative  response  of  the  sensor  to  the  copper 
band  as  compared  to  the  steel  projectile  case  and  any  atymmetrical  engraving 
of  the  band.  These  are  only  typical  records  of  the  test  and  direct 
correlation  between  the  projectile  yaw  and  the  location  of  the  projectile 
center  of  gravity  or  gun  tube  motion  will  have  to  be  resolved  in  the  complete 
analysis  of  data. 

A  rough  indication  of  the  angle  and  the  angle  of  orientation  of  yaw  can 
be  obtained  from  this  quick  look  data.  The  data  were  recorded  on  the  ±  4  volt 
range  or  8  volts  total  range  of  a  Nicolet  oscilloscope.  The  12  bit  resolution 
of  the  Nicolet  oscilloscope  provides  approximately  2  mV  per  point,  therefore 
the  measured  voltage  can  be  read  from  the  plot .  A  more  accurate  quick  look 
method  is  to  read  the  voltage  differential  of  the  slope  from  the  Nicolet 
recordings.  This  provides  a  voltage  differential,  from  the  beginning  of  the 
undercut  to  the  end  of  it,  of  668  raV  for  the  horizontal  and  678  mV  for  the 
vertical  signal.  This  agrees  roughly  with  what  can  be  read  from  the  plot  in 
Figure  14  when  plotted  to  this  scale.  The  length  of  the  undercut  on  this 
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Figure  14 


Figure  15 


projectile  was  35.05  ram.  Taking  into  account  the  substrate  thickness  of  the 
sensor,  the  recorded  values  were  measured  after  the  raised  shoulder  of  the 
projectile  had  passed  the  sensor  by  the  thickness  of  the  substrate  in  front 
and  before  the  rear  raised  shoulder  passed  by  sensor  by  one  substrate 
thickness.  Therefore  the  baseline  is  actually  35,05  ram  minus  the  thickness  of 
two  substrates  (3.175  ram)  or  31.875  mm.  Using  a  horizontal  sensitivity  of 
8.32  V/rniTi  and  a  vertical  sensitivity  of  7.76  V/mm.  The  horizontal  and 
vertical  component  calculates  to  be  0.0813  ram  and  0.0889  mm.  By  transposing 
these  values  to  zero  and  solving  for  the  vector  the  displacement  calculates  to 
be  0.120  mm  down  and  to  the  left,  looking  downrange,  at  an  angle  of  42.4 
degrees  or  222.4  degrees  from  the  twelve  O'clock  position.  The  actual  angle 
of  yaw  is  then  simply  calculated  to  be  0.216  degrees  using  the  arctangent 
function.  This  of  course  is  an  oversimplification  of  the  analysis  but  still 
gives  a  rough  indication  of  the  orientation  of  the  projectile  during  the 
launch  phase . 


The  tube  motion  data  acquired  appears  to  be  very  good.  The  BRL  loop  and 
RARDE  sliding  mount  arrangement  worked  very  well.  After  each  round  was  fired 
it  was  a  simple  matter  to  slide  the  sensor  loop  back  into  position.  As  a 
common  reference,  prior  to  each  shot,  the  sensor  was  slid  back  so  the  rear  of 
the  metal  loop  was  2.0  ran  in  front  of  the  joint  between  the  end  cap  and  the 
sensor  housing. 


Figures  16  through  20  are  examples  of  tube  motion  data  at  the  muzzle  as 
detected  by  the  BRL  sensor.  Only  the  BRL  data  are  presented,  because  the 
RARDE  measurements  were  made  well  to  the  rear  of  the  muzzle  and  require 
extrapolation  of  the  data  to  obtain  motion  at  the  muzzle.  Shown  in  the 
following  examples  are  gun  tube  motion  with  a  balanced  projectile  and  with 
projectiles  unbalanced  and  loaded  In  the  gun  with  the  center  of  gravity  (00) 
up,  down,  left,  and  right.  These  records  are  the  actual  recorded  signals  not 
yet  converted  to  actual  displacements. 
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Shown  In  Figure  16 A  are  the  horizontal  and  vertical  displacements  of  the 
tube  when  firing  a  balanced  round .  Also  shown  is  the  precise  muzzle  exit  time 
of  the  projectile.  Figure  16B  Is  the  same  measurement  witli  the  X  and  y  scale 
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Figure  16A 


Figure  16B 


expanded  to  show  more  detail  at  muzzle  exit  time.  As  can  be  seen,  even  though 
the  gun  has  moved  before  projectile  exit,  especially  in  the  vertical  plane, 
there  Is  very  little  movement  during  the  actual  time  of  exit.  There  are 
noticeable  difference  when  examining  the  records  of  an  unbalanced  round.  In 
Figures  17A  and  17B  it  can  be  seen  that  the  gun  tube  is  moving  down  at  the 
time  of  projectile  exit  and  abruptly  swings  up  during  projectile  exit.  The 
same  effect  is  noticeable  in  the  horizontal  plane  during  exit,  the  muzzle 
abruptly  moves  left.  Several  other  motions  are  noticeable.  The  projectile 
during  its  in-bore  travel  rotates  three  full  turns  plus  one  hundred  and  forty 
degrees.  With  the  unbalanced  projectile  there  is  a  modulation  of  the  tube 
displacement  for  approximately  three  and  one  half  cycles  before  exit 
indicating  that  the  unbalanced  projectile  causes  the  muzzle  to  move  in  unison 
with  the  spin  as  the  projectile  traverses  the  gun  tube.  This  modulation 
starts  at  approximately  the  start  of  projectile  motion  although  it  is  hard  to 
ascertain  from  the  visual  Interpretation  of  these  records.  Also  by  comparing 
records  of  balanced  versus  unbalanced  projectiles,  it  appears  that  this  same 
modulation  is  detectable  on  the  summed  projectile  signal  (muzzle  exit 
pulse)  .  The  higher  frequency  modulation  is  probably  caused  by  the  stress 
waves  generated  during  engraving  of  the  band  .  Figure  ISA  and  18B  show  the 
displacement  caused  by  an  unbalanced  round  but  loaded  with  the  CG  to  the 
right.  Tne  same  effects  are  noticeable  although  in  the  opposite  direction. 

In  the  vertical  plane  the  gun  tube  motion  going  down  increases  during 
projectile  exit  while  in  the  horizontal  plane  the  tube  abruptly  moves  right. 

It  appears  the  effect  of  the  projectile  unbalance  is  forcing  the  tube  into  the 
direction  of  the  OG  offset  of  the  projectile  and  then  as  the  projectile 
disengages,  the  tube  abruptly  swings  the  opposite  direction.  For  example, 
with  the  projectile  making  approximately  three  and  one  half  turns  during  In- 
bore  travel  and  the  CC  offset  before  firing  to  the  left,  the  CG  of  the 
projectile  would  be  to  the  right  at  muzzle  exit.  If  this  forced  the  gun  tube 
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muzzle  right  then  upon  reler.se,  it  would  swing  left.  This  same  effect  is 
evident  in  the  tube  motion  record  when  the  projectile  was  loaded  with  the  OS 
to  the  right.  Also  noticeable  in  these  two  examples  is  how  long  after 
projectile  exit  the  tube  motion  continues  in  that  same  direction.  The  same  sort 
of  effect  is  evident  in  the  records  shown  in  Figures  19  and  20,  although 


Figure  20A  Figure  20B 

the  major  difference  in  motion  is  in  the  vertical  plane  which  seems  to  confirm 
the  cause  of  motion.  In  these  cases  the  projectile  OG  was  initially 
positioned  up  and  down.  Or  e  again  this  is  an  oversimplification  of  the 
required  analysis  but  it  should  provide  some  insight  on  how  tVie  tube  motion  is 
related  to  other  factors  such  as  projectile  in-bore  motion.  Also,  with 
further  analysis  it  should  be  possible  to  calculate  the  tube  motion  at  the 
points  in  time  the  projectile  displacement  was  measured.  This  should 
ascertain  how  much  of  the  measured  yaw  is  in  reference  to  ground  and  how  much 
apparent  yaw  is  due  to  tube  motion. 

Shown  In  Figures  21,  and  22,  are  composite  plots  of  the  horizontal  and 
vertical  tube  motion  for  a  balanced  round,  an  unbalanced  round  with  the  OG  to 
the  left,  and  an  unbalanced  round  with  the  OG  to  the  right.  Approximate 
projectile  exit  times  are  shown  with  "tick"  marks  since  a  plot  of  the  muzzle 
exit  signal  would  have  made  the  displacement  records  hard  to  read.  However, 
the  records  clearly  show  the  same  effect  producing  tube  motion  In  opposite 
directions.  Hopefully,  further  analysis  will  either  confirm  this  effect  or 
determine  what  the  actual  cause  is.  Since  the  tube  records  are  very  clean, 
furc’i.  r  details  should  be  obtainable.  The  records  presented  here  are  shown  on 
an  arbitrary  scale,  which  is  sufficient  for  providing  an  example  of  the 
motion . 


A  typical  record  of  the  observed  in-bore  yaw,  from  Round  21,  is  shown  in 
Figure  23 .  This  does  not  show  the  behavior  of  the  projectile  during  the  last 
full  turn  of  the  rifling,  but  it  appears  by  then  to  have  settled  down  to  a 
constant  yaw  of  the  maximum  allowed  by  its  fit  within  the  bore,  turning  at  the 
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Figure  21 A 


Figure  21 B 


Figure  22A 


Figure  22B 


rifling  rate.  The  clearance  between  the  projectile  and  the  bore  allows  a 
raaxlmur.  in-bcre  yaw  of  the  order  of  0.2  degrees  to  0.25  degrees.  The  l  iltlal 
angular  motion,  until  this  yaw  angle  is  reached „  occurs  before  the  firot 
linear  motion  (7  .5  mlllleeconds  before  time  zero)  .  The  hesitations  and 
reversals  of  the  precession  of  the  yaw  ^irtilch  follow  a.,y  be  due  to  variations 
l.i  the  contact  force  and  the  frictional  force  between  the  shoulder  of  the 
projectile  and  the  bore;  the  last  occurs  shortly  after  the  time  of  peak 
prersure . 


The  result  hhown  in  Figure  23  exhibits  a  considerable  difference  In  rcalu 
between  the  vertical  and  horizontal  directions.  This  may  arise  from  curvature 
of  the  supposedly  plane  mirrors.  One  of  these,  sltvnted  necessarily  on  the 
bore  nxls.  Is  destroyed  by  the  shot,  it  cannot  be  supported  anywhere  but  at 
its  edges. 


III~73 


fri-^ORE  YAW.  ftOUNO  .IM. 

(AMIOW  UMOTH  MHMEl  ^NTt  O.Mtt  DCaJ 
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7 .  SUhMARV 

At  this  time  all  f/rell xln.ii’y  analysis  results  indicate  ihat  the  joint 
test  was  very  successful;  but,  how  successful  tuaily  Is  never  knowr  until  the 
data  anulys  8  is  completed.  The  quality  of  the  da.’.a  appears  to  be  very  good 
and,  with  few  exceptlc.^s,  all  the  data  desired  are  recorded.  No  proulejus  were 
encountered  In  Interfacing  the  BRL  and  RARDE  systems  or  perrormlng  the  test. 

Ica  fact,  the  only  problem  in  the  whole  program  was  a  delay  caused  by  the 
exchange  of  drawings  which  weie  temporarily  sidetracked  in  the  official  US 
coTUiiunlcatlor  channel. 

This  wag  the  first  tine  that  tube  motion  measurements  were  made  using  the 
Sriiutdr.  displacement  transduceis  and  a  great  deal  of  Infomatlori  was  obtained 
which  should  be  useful  in  future  test.  Based  on  thi.  apparent  high  quality  of 
the  tube  motion  dai.a,  future  tube  motion  measurements  suing  the  Schmidt 
aisplaccnent  transducer  will  employ  at  least  two  sensors  to  obtain  the  angle 
of  tube  displacement  at  muzzle  exit.  The  recordvd  signals  of  Che  projectile 
displacements  are  also  of  good  quality  and  it  is  hoped  that  corapariocn  vriLth 
the  In-Love  laser  measurements  made  by  RxhRDt  will  further  confirm  the  BRL 
ijeaAurc:.v;'n':n .  lYiture  tests  will  be  conducted  using  a  syramsti icj'.l  mounting 
collar  with  the  projectile  measurement  electronics  Ijc.ated  off  of  the  gun. 

This  will  pro'ide  a  symmetrical  measuring  surface  for  dial  tube  motion 
measurements  and  protect  the  electronics. 
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ABSTRACT: 

Using  the  BRJ^  and  the  two  HEL  displacement  data  sets  individually  as 
well  as  combined,  the  muzzle  motion  of  the  instrumented  40-mm  L70  cannon  is 
determined  and  evaluated  for  the  total  interior  ballistic  cycle  from  the 
initiation  of  the  firing  until  shortly  after  the  projectile  has  left  the 
muzzle.  The  validity  of  the  indirect  y  calculated  muzzle  recoil  is  examined 
by  comparing  it  with  recoil  data  obtained  by  an  earlier  experiment  with  the 
same  gun  and  ammunition.  The  time  window  corresponding  to  the  projectile-gun 
disengagement  is  expanded  to  the  same  temporal  resolution  as  used  in  the 
analysis  of  the  projectile  motion,  and  the  linear  displacement  vector  and  the 
pointing  direction  of  the  coordinate  system  which  moves  with  the  muzzle  are 
computed  as  functions  of  time. 

The  projectile  motion  -  the  vectors  tor  the  linear  displacement  of 
the  center  of  mass  and  the  angular  orientation  of  the  axis  and  their 
derivatives  with  respect  to  time  -  during  the  projectile  gun  disengagement 
time  Is  computed  by  employing  the  previously  described  data  analysis  program 
to  the  two  recorded  data  sets,  graphically  presented  with  respect  to  both  the 
muzzle  and  the  ground  frame  of  reference,  and  discussed.  The  axial  component 
of  the  projectile  velocity  obtained  from  the  analysis  of  the  Schmidt 
displacement  transducers  is  compared  with  the  velocity  recorded  downrange  and 
the  velocity  gain  In  the  muzzle  blast  regime  is  estimated.  The  projectile 
yaw,  i.e.,  the  orientation  of  the  vector  for  the  projectile  axis  with  respect 
to  the  velocity  vector  of  the  center  of  the  mass,  is  displayed  with  the  data 
from  Fuller's  optical  lever  arrangement  overlaid,  whenever  applicable. 

The  variations  In  the  initial  condition  -  projectile  unbalance  and 
its  orientation  in  the  gun  chamber  -  are  correlated  to  the  linear  and  angular 
motion  of  the  muzzle  and  the  projectile  immediately  before  and  after  the 
projectile  separation  from  the  gun  barrel  and  related  to  the  recorded  impact 
location  on  the.  target. 


This  paper  was  unavailable  at  the  time  the  Proceedings  were  published.  For 
further  Information,  contact  the  authors. 
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ABSTRACT; 


This  paper  delineates  the  analysis  concept  and  procedure  used  in  the 
development  of  the  data  analysis  program.  The  projectile-related  analysis 
program  contains:  (i)  the  data  base  describing  the  frame  of  reference,  the 
bore  geometry  of  the  muzzle  in  reference  to  the  locations  of  the  two  sensors 
used  in  the  experiment,  the  contour  geometry  of  the  projectile,  and  the 
recorded  data;  (ii)  the  analysis  of  a  subset  of  data  to  establish  points  of 
reference  for  the  temporal  alignment  of  the  projectile  contour  with  the  data 
sequence  and  to  extract  the  axial  component  of  the  projectile  motion;  (iii) 
the  analysis  of  the  retoalnlng  data  to  spatially  align  the  coordinate  systems 
of  the  two  displacement  sensors,  extract  the  transverse  displacement  of  the 
center  of  the  projectile  contour  from  the  sensor  axis  from  the  data  in  the 
presence  of  large  amplitude  colored  noise,  and  convert  these  displacements 
into  the  vectorial  description  of  the  motion  of  the  projectile's  center  of 
mass  and  the  angular  motion  of  projectile's  axis  about  the  direction  given  by 
the  velocity  vector  of  the  center  of  mass;  and  (iv)  the  utilization  of  the 
results  of  the  auteceding  analysis  to  determine  the  pivotal  location  on  the 
projectile  axis  and  the  otieutaciou  of  the  tube  axis  with  respect  to  the  frame, 
of  reference,  represent  the  projectile  motion  with  respect  to  the  tube  axis, 
and  estimate  the  asymmetry  of  rotating  band  engraving.  The  frau>e  of  reference 
is  the  coordinate  system  given  by  one  of  the  two  sensor  systems  and,  hence, 
moves  with  the  muzzle.  The  analysis  program  allows  the  superposition  of  the 
muzzle  motion  and  the  description  of  the  projectile  motion  with  the  respect  to 
the  frame  of  reference  in  which  the  muzzle  motion  is  defined. 


The  analysis  program  for  the  muzzle  displaceraeut  data  is  straightforward. 
The  data  are  converted  into  displacements  and  superimposed  on  the  displace¬ 
ment  equation  for  a  moving,  flexural  beam  in  the  least  squares  sense. 
Essentially,  the  transverse  displacements  of  the  muzzle  section  of  the*,  gun 
barrel  are  set  forth  as  polynomials  in  the  axial  position,  with  the 
coefficients  varying  in  time  and  satisfying  the  end  conditions  for  a  free  beam 
at  the  muzzle  face.  Since  the  sensor  position  with  respect  to  the  muzzle  is  a 
function  of  gun  recoil,  the  correlations  between  the  data  and  the  model 
parameters  are  expressed  such  that  five  of  the  six  degrees  of  freedom  are 
obtained.  Only  the  rotation  about  the  bote  axis  is  not  extractable.  The 
program  permits  the  analyis  of  data  sets  from  one  or  more  measurement 
stations.  If  the  data  of  only  one  station  are  used,  the  muzzle  section  is 
considered  a  rigid  base  which  moves  in  space. 


This  paper  was  unavailable  at  the  time  the  Proceedings  were  published.  For 
further  information,  contact  the  authors. 
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ABSTRACT; 

Results  from  the  37~mrtt  and  40-aua  caliber  firings  are  used  to 
evaluate  the  performance  of  the  Schraiiit  displacement  transducer  for  the 
measurement  of  the  muzzle  motion  as  well  aa  the  projectile  dynamics  during 
the  final  phase  of  the  interior  ballifitic  cycle.  Limitations  and  shortcomings 
in  the  current  Instrumentation  design  and  measurement  technique  which  includes 
the  data  analysis  procedure  are  discussed,  together  with  possible  avenues  of 
its  Improvement  and  research  in  progress. 


This  paper  was  unavailable  at  the  time  the  Proceedings  were  published.  For 
furtlier  Information,  contact  tVie  authors. 
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ABSTRACT; 

This  work  presents  new  measurements  of  transverse  motion  of  the  30 
ram  (GAlI-8)  gun  tube  first  reported  at  the  Third  Gun  Dynamics  Symposium  In 
1932.  The  measurements  are  unique  and  fully  corroborated  through  the  use  of 
two  Independent  measuring  devices.  In  particular,  the  work,  discusses  three 
items  of  Interest.  First,  there  definitely  exists  a  *base-llne'  transverse 
tube  movement,  the  cause  of  which  has  yet  to  be  determined*  The  magnitude  of 
this  motion  Is  of  the  same  order  as  that  due  to  other  causes  Intentionally 
Introduced  for  study.  Second,  intentionally  introducing  an  eccentric  breech 
mass  produces  muzzle  displacements  in  good  agreement  with  tVinoretical  models, 
provided  the  base-line  component  is  accounted  for.  Finally,  the  muzzle 
rotation  created  by  the  moving  projectile  -  though  insignificant  when 
operating  alone  -  la  strongly  coupled  to,  and  capable  of  greatly  modifying  the 
rotation  due  to  other  causes.  This  coupling  does  not  appear  to  strongly 
affect  muzzle  displacement.  It  is  concluded  that  predictions  from  gun 
dynamics  models  which  agree  well  with  displacement  measurements,  may  err 
greatly  when  used  to  predict  muzzle  rotation,  the  quantity  of  which  Is  of 
central  interest. 
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1.  INTRODUCTION 


The  work  herein  reports  further  raeasureme!  ‘.8  of  the  transverse 
muj’.zle  motion  uf  an  elastically  suspended  30  mm  Run  tube.  When  last  reported 
[1],  there  were  significant  but  unexplained  muzzle  movements  prior  to  sViot 
ejection.  As  a  result,  the  credibility  of  the  measurements  of  these  motions 
was  brought  into  question  and  it  was  decided  that  further  analysis  could  not 
be  Justified  until  fully  corroborated  measurements  were  in  hand.  It  was 
decided  chat  two  completely  Independent  methods  of  measuring  muzzle 
displacement  would  be  employed  simultaneously  and  that  close  agreement  of 
these  measurements  would  be  demanded  for  acceptability.  This  quest  for 
corroborated  -  and  hence  believable  -  measurements  was  highly  successful  as 
the  results  herein  will  demonstrate. 

Having  the  proper  instrumentation  and  measurement  techniques  in 
hand,  however,  did  not  guarantee  immediate  success  in  totally  explaining  the 
motions  of  the  30  mm  tube  during  firing  —  the  central  problem  of  gun  dynamics 
to  which  we  have  finally  been  able  to  return.  Latest  measurements,  although 
greatly  improved  from  those  reported  in  1982  [1],  still  reveal  an  unexplained 
transverse  movement  of  the  tube  prior  to  shot  ejection.  Furthermore,  the 
magnitude  of  this  motion  is  roughly  the  same  as  that  which  is  to  be  studied 
from  intentional  causes  such  as  tube  curvature,  tube  and/or  projectile 
eccentricity,  etc.  There  can  be  little  doubt  that  the  cause  of  this 
underlying  motion  will  be  found,  but  as  yet  this  is  not  the  case. 

2.  EXPERIMENTAL  DESIGN  AND  INSTRUMENTATION 

Referring  to  Figure  1,  the  30  mm/GAU-8  gun  tube  was  suspended  as 
described  in  Reference  1.  Briefly,  the  tube  Is  suspended  by  two  pairs  of 
wires  from  a  virtually  rigid  overhead  structure.  The  wires  are  0.026  inch  in 
diameter  and  each  is  approximately  30  inches  in  length.  The  recoiling  tube 
thus  behaves  as  an  elastic  bar-pendulum,  stretching  each  wire  approximately 
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0.010  Inch  at  shot  ejection.  A  NASTRAN  model  of  this  means  of  support 
indicates  that  the  wire  support  loads  create  negligible  transverse  tube  motion 
prior  to  shot  ejection,  l.e.,  that  the  suspension  as  modeled  can  be  regarded 
as  'soft.'  Following  shot  ejection,  the  recoil  motion  is  arrested  by  contact 
between  a  circular  buffer  plate  attached  to  the  breech  and  a  block  of 
open-cell  silica  foam.  (This  foam  has  been  found  far  superior  to  the 
'styrafoam'  used  previously.) 

The  propellant  charge  used  In  these  experiments  Is  half  that 
normally  used  In  a  standard  GAU-8  round  and  yields  a  maximum  pressure  of  about 
10,000  psi.  The  round  is  oeparated  from  Its  case  and  manually  started  Into 
the  origin  of  rifling  with  a  light  tap.  The  cartridge  case  containing  the 
propellant  Is  then  Inserted  and  forced  home  as  the  threaded  breech  cap  Is 
tightened.  The  breech  cap  contains  a  small  central  recess  Into  which  an 
electrically  actuated,  propellant-driven  firing  pin  is  inserted.* 

Instrumentation  used  to  perform  the  measurements  presented  herein 
consists  of  two  late  model  optical  trackers  (trade  name  -  'Optron'),  and  one 
so-called  'eddy  probe'  manufactured  by  Dymac  Division  of  Scientlf Ic-Atlanta. 
One  Optron  Is  xised  with  a  light  source  which  Is  Interrupted  as  the  shot  leaves 
the  muzzle.  This,  plus  a  breakwlre  mounted  across  the  muzzle  provides  two 
Independent  measurements  of  the  time  of  shot  ejection.  Agreement  between  the 
two  Is  within  0.0002  seconds.  It  Is  hoped  that  In  the  future  an  inductance 
device  will  improve  this  measiirement.  The  remaining  Optron  Is  used  to  record 
the  vertical  motion  of  the  tube  approximately  six  Inches  rearward  of  the 
muzzle.  From  this  point  the  muzzle  protrudes  Into  a  tube  which  exits  through 
a  wall  of  the  room.  The  tube  protects  the  Instrumentation  from  muzzle  flash 
and  smoke.  The  end  of  this  tube  also  serves  as  a  mounting  place  for  the  eddy 
probe  which  ts  positioned  0.050  Inch  directly  over  the  point  of  the  tube  being 
followed  by  the  tracker.  Thus  the  tracker  and  the  eddy  probe  both  follow  the 
motion  of  the  same  point  on  the  upper  surface  of  the  tube  at  all  times.  Owing 
to  recoil,  of  course,  different  material  surface  points  are  being  tracked  In 
time,  l.e.,  the  measurement  frame  Is  Eulerian,  not  Lagranglan.  This 
difference  Is  of  little  consequence  for  the  purpose  at  hand,  however. 

Measurements  are  monitored  and  recorded  digitally  on  a  four-channel 
Nicolet  system.  Approximately  twenty  milliseconds  of  data  are  recorded  from 
each  round  using  the  muzzle  breakwlre  and  a  trigger. 

3 .  MEASUREMENTS  OF  GUN  TUBE  MOTION 

Figure  2  shows  the  motion  of  the  muzzle  as  measured  by  an  optical 
tracker  and  by  the  eddy  probe.  Shot  ejection  Is  taken  at  t  =  0.0.  It  Is 
estimated  that  most  of  the  time  agreement  Is  within  0.0002  inch  (0.2  mils). 
Assuming  sufficient  care  Is  taken  to  duplicate  all  of  the  preliminaries,  a 
second  shot  will  produce  measurements  In  clone  agreement  with  those  of  the 
first  shot.  This  Is  exemplified  In  Figure  3. 


*The8e  'mini-actuators'  are  manufactured  by  ICI  Americas,  Inc.,  Atlas 
Aerospace  Division,  P.O.  Box  819,  Valley  Forge,  PA. 
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Presently  there  Is  no  explanation  as  to  the  cause  of  the  motions 
depicted  In  Figures  2  and  3,  l.e.,  no  eccentric  masses  have  been  applied  to 
the  tube,  and  the  curvature  of  the  tube  *as  manufactured'  is  not  sufficient 
(according  to  our  two  computer  models)  to  create  motion  of  this  magnitude. 
Likewise,  tVie  support  reactions  applied  by  the.  wires  are  not  supposed  to 
change  radically  during  recoil.  (A  thorough  check,  of  these  reaction  forces  Is 
presently  underway.) 

Figure  4  shows  the  displacement  of  the  muzzle  when  an  eccentric  mass 
Is  added  to  the  breech  end  of  the  tube.  The  eccentric  mass  Is  created  by 
simply  replacing  the  7.75  lb  circular  buffer  plate  with  an  Identical  one  v^hose 
center  Is  located  below  the  central  axis  of  the  tube.  The  weight  of  the 
entire  recoiling  mass  Is  90.8  lbs.  The  eccentric  location  of  the  buffer  plate 
Is  1.3  Inches  directly  below  the  bore  axis  of  the  tube.  In  Figure  5  the 
response  shown  in  Figures  2  and  3  Is  taken  as  a  'base-line'  and  subtracted 
from  that  of  Figure  4.  The  result  is  in  reasonable  agreement  with  that 
predicted  by  a  NASTRAN  model  of  the  system.  This  Is  shown  In  Figure  6. 

4.  MODEL  VALIDATION 


The  agreement  shown  In  Figure  6  Is  at  least  as  close  as  that  In 
Figure  2,  If  one  disregards  the  higher  frequency  components  of  the  motion 
(probably  radial  vibrations);  l.e.,  the  experimental  measurements  and  the 
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measurement  devices.  It  would  appear,  therefore,  that  we  have  a  useful  and 
validated  computer  model.  Assuming  this  to  be  the  case,  one  of  the  most 
expected  uses  of  a  computer  model  of  a  gun  system  Is  to  predict  muzzle 
rotation.  It  Is  of  much  more  interest  to  know  muzzle  rotation  than  It  Is  to 
know  muzzle  displacement,  target  error  being  associated  most  strongly  with  the 
former.  Can  our  NASTRAN  model  be  crusted  Co  predict  muzzle  rotation?  The 
answer  is  very  negative.  One  reason  for  this  will  be  shown  ~  the  fact  that 
our  NASTRAN  model  does  not  account  for  moving  projectile  mass.  Unfortunately, 
there  may  be  others. 


In  Figures  7a  through  7d  the  predicted  muzzle  response  due  to  an 
eccentric  breech  mass  with  and  without  the  presence  of  the  moving  projectile 
mass  are  compared.  (These  predictions  were  produced  by  a  second  computer  code 
in  which  moving  mass  effects  are  easier  to  Include.)  It  Is  observed  that 
although  there  Is  close  agreement  between  muzzle  displacement  predictions  with 
and  without  moving  mass  effects,  the  prediction  of  the  (all-lraportant)  muzzle 
rotations  ate  totally  different.  Thus  the  effect  of  moving  projectile  mass 
cannot  be  Ignored. 


While  It  has  been  shown  chat  moving  projectile  mass  must  be  included 
In  any  mathematical  model  ♦^rom  which  muzzle  rotation  predictions  are  expected, 
this  is  by  no  means  a  sufficient  condition.  Other  effects  nonnally  overlooked 
and  expected  to  be  negligible,  may  have  to  be  Included  also.  Most  Important, 
one  may  not  know  what  they  are,  or  In  what  detail  to  describe  them.  For 
example,  the  muzzle  rotation  predicted  when  thi  moving  projectile  Is  included 
may  well  depend  on  the  detail  with  which  It  Is  modeled.  (In  Figures  7c  and 
7d,  the  projectile  was  simply  modeled  as  a  moving  point  mass.)  It  may  be 


IV- 7 


OPTRON  &  EDDY  PROBE  TRACES 
ECCENTRIC  BREECH  MASS  -  ROUND  M22 


RACES 
S  y2Q 


*SIi<riNS,  PI'LEGL,  SCANLON 


concladiid,  thf-Teforc,  tha*:  i:he  or.ly  way  to  be  certain  tViat  a  modal  can  be 
trusted  to  predict  muzzle  ro'iatiorts  Is  by  experimcwtal  verification  -  the  very 
task  one  hoped  lo  avoxnl  In  c<:;nclu«ion,  ccn.plete  tr-j'-v?.!  validation  require  o 
aeasurtaeut  of  d Is placement  and  rotation. 

That  the  Inclrr.ion  ot  movin^,  p*‘o jectlle  mass  in  any  ro.9 tbenatical 
model  of  a  gun  system  would  havi  such  a  drairn.tlc  fcffec'-  on  predicting  muzzle 
rotations  iv-:y  come  as  a  suvprisi  to  stuv  invacittgators.  After  all; 
predictions  of  nKac/Ae  motion  due  to  a  moving  project  11®.  mass  in  the  abceace  of 
other  load  functloco  (such  as  eccentric  breech  mass,  support  reactions, 
curvature,  etc.)  have  been  virtually  t‘egii,.lble.  One  i.'caf  nor  forget, 
howevc./,  that  the  tube  rejponse  due  to  combinations  of  lend  funcLtons  which 
are  motion-dependent,  Ir  not  simply  the.  sum  oi  the  raspotjr^as  due  to  each  load 
acting  independently.  Even  theugh  one  is  dealing  In  general  with  f  lluuc r 
model  baaed  on  sotie  pa?  ticular  linear  partial  differentia’  'quation  (p.t  (.  .  ) » 
the  differential  operator  Is  altered  e.cery  time  &  motlon-dep ^nd'^nt  Ir^d  i? 
Includcil  or  excluded.  The  operator  must  remain  the  same  In  order  for  Irnsur 
superposition  tc  hold..  For  exrmplo,  consi.iar  the  p?"tlil  cif ceteutlal 

o..'[uatlnn.-3  cor  responding  to  Flgur.  3  through  7d.  If  the  movin^^  pr-o  iect  lie 

mass  and  an  eccentric  breech  m.ast  are  both  lacludvA,  the  p.n.t  • 

(El>")"  4  py  =■  £Mu(c>6'(x)  -  mp( y+2y  l,4iV’+g)  ?/  (1) 

wheri'  a(t)  If^  the  recoil  acc  ilerotlon  of  a  breech  nv-ts  M  lo.if.'od  dlatapce  e 
from  the  bar*  axis  (see  Figure  7a),  ra^  le  the  masr.  of  tV.e  prujectllfc  hicated 

Hi.  H  s.  \siiiuce  Z(,tj  from  the  breech  ena  or  the  tube,  «  ii  cHl-  transveL-i.e 

dl sp^acerdfeut  of  the  tube,  6  iy  the  Dlcac  fraction,  and  g  Is  Uic*  gravitational 
consta 't.  Note  that  th':;  projectile  mass  creates  a  ruor.lcn-'depcadant  load 
fuac;.lo'i  -  it  denands  on  y  and  li  derivr<t.’ ves.  l  nolutrvn  to  Eq.  (1)  at 
the  muzzle  Is  ehown  in  Fign; es  7a  and  7b. 

On  the  other  hand,  if  the  moving  projectile  is  neglected 

(Ely'’)"  +  py  =»  tMa(t>*A(x>  (?.) 

and  the  solution  Is  sho^  .  in  r'lguces  7c  and  d-  A  quick  g]  nnea  she.®  that  the 
displacement  is  hardly  changer,  from  Fijure  /a,  but  the  rotation  (y' )  is 
comp.i.ctely  different. 

Npw  cjn^lder  the  case  where  the  movi'..,®  nrojecuile  is  the  only 
..fad  acting).  The  o.d.e.  J.s 

(Ely")’’  +  py  “  -mp(y+2y'+-^V+g)  <5(x-C)  (3) 

''ue  rauz.'ile  displacement  and  rotation  corresponding  to  this  equation  are  shown 
in  Figure  8.  As  can  be  seen,  their  magnitudes  are  very  small.  If  these  are 
added  to  those  from  Eq.  (2),  hardly  any  change  to  Figures  7c  and  7d  would 
result,  demonstrating  that  sola' ions  to  Eqs.  (2)  and  (3)  cannot  be  summed  to 
yield  the  solution  to  Eq.  (1),  This  is  shown  In  Figure  9.  In  effect,  the 
motion-dependent  terra  affects  the  operator  of  the  p.d.e.  and  one  cannot  add 
solutions  to  equations  with  different  operators. 
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Figure  7a.  nubile  Dlsplacsrscnt  l>ue  ro  Eccentric  Rreecn  tlasa 
and  Moving  ProjeccHe. 
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Figure  7b.  Muz:?le  Rotation  Due  to  Eccentric  Breech  Mass 
and  Moving  Projectile. 
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Figure  7c.  Muzzle  Displacement  Due  to  Eccentric  Breech  Mass. 
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Figure  7d.  Muzzle  Rotation  Due  to  Eccentric  Breech  Mass 
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Figure  8a.  Muzzle  Displacement  Due  to  Moving  Projectile. 
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Muzzle  Rotation  Due  to  Moving  Projectile. 
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5.  CONCLUSION 


!•  The  measurement  of  transverse  tube  displacements  during  firing 
can  now  be  accomplished  with  a  high  degree  of  confidence.  Eddy  probes  and 
optical  trackers  may  be  expected  to  disagree  as  much  as  0.0005  Inch  (0.0.27 
mm).  Neither  device  can  be  assumed  superior  to  the  other,  but  eddy  probes  are 
relatively  inexpensive  -  almost  expendable,  and  very  easy  to  use  by 
comparison. 

2.  There  la  no  way  to  know  if  all  motion-dependent  load  functions 
have  been  accounted  for  in  a  given  mathematical  model  or  If  those  which  have 
been  accounted  for  have  been  described  in  sufficient  detail.  It  has  been 
shown  herein  that  motion-dependent  load  functions,  which  are  unimportant  when 
acting  alone,  become  very  Important  when  acting  in  concert  with  other  loads. 
The  importance  of  such  motion-dependent  loads  cannot  be  assessed  from  their 
effects  on  tube  displacement  which  may  be  minimal.  Tube  rotation,  however, 
may  depend  significantly  on  the  Inclusion  and  proper  description  of  these 
loads.  Thus,  a  model  should  not  be  considered  validated  until  displacement 
and  rotation  have  been  verified  experimentally.  Needless  to  say,  all  models 
must  be  validated  to  be  of  any  use.  In  view  of  this.  It  Is  Important  to  the 
future  of  analytical  gun  dynamics  that  means  be  found  to  obtain  measurements 
of  tube  rotations  -  particularly  at  the  muzzle.  In  addition,  such 
osasuraraonts  should  be  corroborated. 
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TITLE:  The  Development  of  an  Algorithm  for  Shot/Barrel  Interaction 
Calculations 

ABSTRACT: 

Shot/barrel  interaction  calculations  pose  a  calculation  problem  in  that 
the  dynamics  of  the  shot  are  non  linear  and  involve  high  frequencies,  whilst 
the  dynamics  of  the  barrel  are  linear  and  involve  for  the  most  part,  lower 
frequencies.  Since  the  barrel  involves  a  large  number  of  degrees  of  freedom 
and  the  shot  has  only  a  few,  the  calculation  of  the  combined  motion  by  direct 
integration  is  constrained  by  the  step  size  required  by  the  shot  motion.  In 
order  to  avoid  this  problem  and  take  advantage  of  the  existing  the  SHOCK-AID 
package  the  SHOCK-AID  modal  solution  technique  is  used  for  the  barrel  and  an 
algorithm  is  developed  to  link  this  to  the  direct  integration  solution  of  the 
shot  motio  .  The  algorithm  is  currently  being  integrated  into  the  SHOCK-AID 
package.  This  work  has  been  carried  out  with  the  support  of  Procurement  Executive, 
Ministry  of  Defence. 
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THE  DEVELOPMENT  OF  AN  ALGORITHM  FOR  SHOT/BARREL 
INTERACTION  CALCULATIONS 

PETER  G.  THOMASSON 
CRANFIELD  INSTITUTE  OF  TECHNOLOGY 
CRANFIELD 
BEDFORD  MK43  OAL 

INTRODUCTION 

Whenever  a  gun  is  fired  a  projectile  is  propelled  violently  along  the 
barrel,  whilst  at  the  same  time  the  barrel  recoils.  The  magnitude  of  the 
resultant  accelerations  can  cause  large  forces  and  moments  to  be  applied 
to  the  barrel  in  the  lateral  direction  and  these  then  produce  flexural 
waves  that  travel  along  the  barrel.  As  a  result,  by  the  time  the  projectile 
is  launched,  the  muzzle  may  have  considerable  transverse  velocity  and 
displacement  and  thus  the  projectile  departs  in  a  slightly  different 
direction  to  that  which  was  intended. 

A  second  effect  is  that  whilst  the  shot  travels  up  the  barrel  it 
may  undergo  considerable  vibration  relative  to  the  barrel  due  to  the  finite 
stiffness  of  its  driving  bands,  gyroscopic  motions,  shot/barrel  clearances 
etc.  Therefore  even  in  a  perfectly  rigid  barrel  the  shot  may  depart  with 
considerable  lateral  disturbance  due  to  its  internal  'notion  within  the 
barrel . 

In  practice  both  of  these  effects  are  present  at  the  same  time  and 
they  are  probably  coupled  together  as  well.  The  calculation  of  these 
effects  poses  some  considerable  computational  difficulties.  The 
vibrational  frequencies  of  the  shot  whilst  in  the  barrel  are  quite  high, 
usually  in  excess  of  IKHz,  but  the  flexural  motion  of  the  barrel 
usually  has  a  fundanwntal  frequency  of  only  a  few  Hz.  As  a  result  using 
standard  numerical  integration  techniques,  the  equations  of  both  the 
shot  and  the  barrel  would  have  to  be  solved  using  very  small  time  steps, 
sufficiently  small  to  ensure  that  the  high  frequencies  of  the  projectile 
dynamics  were  handled  in  an  accurate  and  stable  manner.  Typically  step 
sizes  of  the  order  of  lOp  secs  would  be  required  to  compute  the  shot  motion 
and  on  a  computer  such  as  the  VAX  the  solution  of  the  motion  of  the  shot 
alone  would  take  quite  a  considerable  time.  Add  to  this  the  model  of 
the  gun  barrel  with  100  or  more  degrees  of  freedom  and  the  solution  time 
would  escalate  considerably. 
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This  report  addresses  the  problem  of  how  this  excessive  solution 
time  can  be  reduced.  In  addition  it  attempts  to  use  the  already  established 
SHOCK-AID  solution  techniques  Ref.  (2)  in  such  a  manner  that  advantage  is 
taken  of  the  ability  of  SHOCK-AID  to  model  barrels  simply  and  efficiently. 
The  major  problem  however  with  the  latter  approach  is  that  SHOCK-AID  is 
based  upon  e  modal  su/erposltion  system  that  takes  advantage  of  the  linear 
nature  of  the  flexural  equations  of  the  barrel.  Motion  of  the  shot  is 
non  linear  and  hence  does  not  lend  itself  to  modal  style  solution, 
and  as  a  result  some  method  has  to  be  found  to  couple  the  modal  solution 
of  the  barrel  flexure  with  the  numerical  integral  ton  of  the  shot  motion. 
Details  of  the  shot  model  were  given  in  Ref.  (3)  along  with  very  brief 
details  of  the  interaction  technique.  This  paper  considers  the  computational 
details  of  the  shot/barrel  interaction  in  detail.  In  order  to  demonstrate 
the  nature  of  the  problem  and  Its  solution,  a  simplified  modal  of  shot/barrel 
interaction  is  considered  so  as  to  remove  non  essential  detail  from  the 
problem. 

2.0  An  initial  simplified  model 

The  shot  is  a  relatively  small  mass  connected  to  the  barrel  via 
stiff  springs,  whe.  sas  the  barrel  is  a  very  large  mass  having  a  relatively 
low  stiffness.  As  a  result  the  simplest  model  of  the  two  elements 
combined  together  is  a  two  mass  spring  system  as  shown  below 


mg  and  kg  represent  the  mass  and  stiffness  of  the  shot  whilst  mg  and 
kg  represent  the  mass  and  stiffness  of  the  gun.  External  forces  applied 
to  the  shot  (they  may  include  dynamic  effects  such  as  gyroscopic  forces 
etc.)  are  represented  by  F. 

The  equations  of  motion  of  the  system  are 
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assuming  Xc(0)  =  Xg{0)  =  J<s(0)  =  Xg(0)  =  0 


and  using  Laplace  Transforms  we  can  write. 


s  m. 


wi  w| 


(wi  -  w|) 


Now  in  order  that  we  have  representative  values  for  the  constants 
in  the  above  we  assume  the  following: 

kg  =  3.55  ElO  N/m 
nig  =  10  kg 
kg  =  6,32  E8  N/m 
nig  =  100  kg 
F  =6.32  E5  N 

These  figures  mean  that  the  natural  frequency  of  the  shot  mass  on  its 
own  is  about  10  KHz  whilst  that  of  the  barrel  element  on  its  own  is 
about  400  Hz.  The  load  F  produces  a  static  deflection  of  the  barrel 
element  of  Inin. 
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Using  the  above  data  in  equation  (3)  gives 
k  k 

^  '  *  "s 

and  since  w|  »  we  can  write 


Xg  £  ^OSWit) 


"  9 


F 

X  S  -^(1  -  COSWit  -  -pS  cosw^t) 
^  •‘g  '^s 


and  thus 


Xg  -  X  3  ^  COSWit 


(4) 


(5) 

(6) 


(7) 


In  order  to  represent  the  shot  barrel  model  using  SHOCK-AID  the 
obvious  approach  would  be  to  solve  the  motion  of  the  gun  mass  using 
the  SHOCK-AID  modal  technique  and  solve  the  shot  motion  via  a  numerical 
solution  such  as  Runge  Kutta  or  a  predictor/corrector  technique.  In 
order  to  link  the  two  solutions  some  form  of  iterative  scheme  would 
be  required. 

If  we  denote  the  force  in  the  shot  spring  by  the  letter  f,i.e. 


f 


ks(x3 


then  the  equations  of  motion  become. 


(8) 


"g  *g  '  I'g^g  *  ’ 

(9) 

.  F  -  f 

(10) 

If  we  consider  the 

barrel  mass  and  spring  alone  we  can  write, 

k 

X  =  -  X  + 

II 

1 

> 

+ 

(11) 

g  nig  g 

and  in  order  to  solve  (11)  we  need  to  know  the  variation  of  "f"  with 
time, however,  as  equation  (8)  shows  "f  is  itself  dependant  upon  the 
solution  of  (11 ). 
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Ignoring  for  the  moment  the  implicit  variation  of  "f"  with  "Xg" 
we  can  write  the  solution  of  (11)  as. 


0  ^ 


f (r)  sin  w(t  -  •i)dT 
'’ni_  w 


(12) 


A  =  V 
9  9 


cos  w(t  -  T)dT 


(13) 


Let  b  =  f/nig  then  expanding  the  integrals  thus, 
t  t  t 

J  J  b(,)cos  mdT  -  iSiJS  J  b(i)sin  mdt 

0  0  0 

(14) 

and  the  integrals  can  be  represented  by 

^+At  ^+At 

l.  /  .  J_  _  1/4.  *  4-  \  _  1  /  4- \  *  I 

UVl/VUd  WlUl  -  WH-  T  tkv/  -  VJ\V/  ■.  I  MViyww-  V.  vv.  I 

■^t 


<^t+At 


^t+At 


b(T)sin  widt  =  k(t  +  At)  =  k(t)  + 


b(T)sin  widt 


(16) 


A  linear  approximation  to  "b"  is  useo  by  letting  b  =  mt  +  c  over  the 
step  At,  then. 


m  =  b(tn  AO  -  b(to) 
At 


(17) 


c  =  b(tQ)  -  nitg 

We  can  thus  write  (15)  and  (16)  as 

J(tQ  +  At)  =  J(tQ;i  +  JINC(to) 
k(tQ  +  At)  =  k{tQ)  +  KlNC(tjj) 


(18) 


(19) 

(20) 
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where 


JINC(t  )  -  {  ^  (n»T  ♦  c)cos  wrdt  * 

“  J  Lx” 


WT  ^  mrsm  wt  ^  csin 


.tn+At 


KINC(tp) 


r  ° 

=  (m  +  c)sin  wtcIt  = 

to 


ms  in  WT  niTCOs  wt  csi 


in  Wt  I 

"  J 
.  "f 

in  WT  I 

W  -I 


(21) 


0 


(22) 


and  thus  the  final  solution  for  and  Vg  is, 

Xg{tj,  4  At)  =  Xg(t^)  4  ^J{to)  4  0INC(ttj|- 

{k(to)  +  KINC(to)} 


Vg(to  4  At)  =  Vg(tQ)  +  cos  wt  •^k(tQ)  +  KINC(tj,)V 

+  Sin  wt  ^(to)  +  JINC(tQ)|. 


(23) 


(24) 


The  above  equations  represent  a  SHOCK-AID  modal  type  solution  to  the 
motion  of  the  gun  mass. 

Having  produced  a  SHOCK-AID  style  solution  for  the  gun  element 
and  a  standard  numerical  solution  for  the  shot,  the  next  question  is 
how  to  integrate  the  two  calculations  together.  A  possible  scheme 
is  as  follows: 


(i)  Estimate  the  acceleration  of  the  gun  element  over  the  interval 

tjj  ■-  to  4  at 

(ii)  Compute  the  shot  raotion  using  the  predicted  motion  of  x* 

Xj(f)  -  Xg(tQ)  4  Vg(tQ)At  4  jVg(to)At*  (2?) 
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to  calculate  the  variation  of  "f"  over  the  step  t^^  +  AT. 
At  the  same  time  compute  "avsf"  the  average  value  of  f  over 
the  interval. 

(iii)  Compute  the  motion  of  the  gun  element  using  f  =  avsf  as  the 
applied  spring  force  over  the  interval. 

(iv)  Compare  Xg(tQ  +  AT)  from  step  3  above  with  xg(t  +  AT).  If  they 
agree  (within  a  suitable  tolerance)  then  advance  the  solution 
otherwise  re-estimate  Vg  at  step  1  and  repeat  the  calculations. 


A  program  to  implement  the  above  ivas  produced.  It  used  the  average 
force  over  the  interval  not  a  linear  variation.  Other  representations 
of  the  force  variation  were  investigated,  but  all  versions  of  th^i  program 
appeared  to  have  a  common  draw  back  in  that  it  was  not  in  general  possible 
to  drive  Xg  and  x|  into  agreement.  No  matter  how  long  the  program 

It  always  Seeiiittu  tu  COfiVuryc  ufi  d  SOlutlOn  which  hdu  d  SiTidl  1 
but  steady  error  between  Xg  and  x*. 

The  problem  was  that  the  model  was  too  simple  in  that 
it  only  uses  two  mass  spring  elements.  A  more  representative  model 
is  a  three  element  model.  The  reasons  for  this  are  explained  in  the 
next  section. 
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3.0  Three  Mass  Spring  System 

As  mentioned  above  a  twc  mass/spring  model  for  shot  barrel  interactions 
is  too  simple.  The  reason  for  this  is  that  there  are  in  fact  THREE 
types  of  elements  in  such  a  problem.  They  are: 

(i)  The  shot  element  or  elements 

(ii)  The  contact  elements,  i.e.  those  elements  that  the  shot  applies 
forces  to  directly. 

(iii)  Internal  gun  elements  that  have  no  direct  contact  with  the  shot. 

The  reason  for  treating  each  of  the  above  elements  differently 
is  that  they  experience  forces  of  very  different  frequency  content.  A 
shot  element  is  subjected  to  very  high  frequencies  due  to  its  low  mass 
and  its  high  contact  stiffnesses,  an  internal  element  on  the  other 
hand  is  only  exposed  to  relatively  low  frequencies  associated  with 
the  barrel  dynamics.  The  contact  element  however  is  exposed  to  both 
the  high  and  the  low  frequencies.  As  a  result  our  three  mass/spring 
model  of  barrel /shot  interaction  is  as  shown  below. 


'G 


displacements 


_ ~-^f  spring  forces 

The  two  solutions  (modal  and  numerical)  now  overlap  in  that  the 
modal  solution  computes  the  niotior  of  all  the  internal  elements  and 
all  the  contact  elements,  whilst  the  numerical  solution  computes  the 
moticn  of  all  the  contact  elements  and  all  the  shot  elements.  In  order 
to  do  this  some  assumptions  aro  required  about  the  behaviour  of  elements 
eK''luded  from  each  calculation. 

A  possible  solution  scheme  is  as  follows: 

(i)  Predict  the  motion  of  nig  over  the  next  time  step  AT 
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Xg(t)  =  Xgltp)  +  SQ(tQ)At  +  XQy^y  -2“  (28) 

^0  ^  *”0  * 

Xg^y  is  a  guess  of  the  average  acceleration  over  the  interval  AT,  initially 
set  this  to  xg(^o^- 

(ii)  Solve  the  equations  of  motion  of  masses  and  mg  using  the 
assumed  XQ(t)  above  so  that  spring  force  g  can  be  calculated.  This 
will  use  small  time  steps  6T  where  in  general  6T  «  aT.  During  this 
calculation  monitor  the  variation  of  the  spring  force  f  and  calculate 
^eqv’  "equivalent"  spring  force  that  can  be  applied  to  the  modal 
solution. 


(iii)  Apply  f^^^  to  the  modal  solution  of  the  contact  elements 
and  the  internal  elements. 


(iv)  Compare  XQ(t  +  AT)  from  (iii)  with  the  predicted  value  from 
(i),  if  they  agree  within  a  reasonable  tolerance  then  advance  the  solution 
another  AT  and  repeat  from  (i);  otherwise  re-estirnate  Xg^y  used  in 
(i)  and  repeat  the  calculation. 


In  order  to  carry  out  the  above,  two  items  are  required,  these 
a  )  an  algorithm  for  calculating  “fgqy"  and  another  for  updating  XQ^y 

Considering  the  estimation  of  first.  The  initial  estimate 

of  is  X6(fo^  since  no  data  about  the  future  variation  of  xg  is 
available.  On  the  next  iteration  however  we  have  available  Xg(tp  +  AT) 
that  was  calculated  by  the  modal  solution  and  thu  a  reasonable  estimate 
for  would  be  that  value  that  would  produce  a  predicted  value  of 
xg{ty  +  at)  equal  to  that  observed.  Thus  using  (28)  we  can  say, 


AT) 


;vtn) 


*  ’^GAV 


At= 


(29) 


or 


The  calculation  of  "fgqy''  is  a  little  more  complicated.  The  standard 
SHOCK-AID  modal  solution  assumes  that  the  variation  of  applied  force 
over  the  time  step  is  linear.  Thus  the  calculation  of  "fgqy"  must 
produce  a  linear  force  variation  over  the  time  step  AT  that  is  equivalent 
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to  the  (in  general  non-linear)  variation  of  f  over  AT  (f  is  available 
at  intervals  of  ST). 

The  criteria  of  "equivalent"  in  this  casw  is  that  the  displacement 
and  velocity  of  the  large  mass  should  be  the  same  at  the  end  of  the 
long  time  step  irrespective  of  vihether  the  linear  or  non  linear  force 
is  applied  to  it.  This  also  means  that  both  the  potential  and  kinetic 
energies  are  the  same  for  the  "real"  and  the  "equivalent"  forces.  In 
order  that  the  two  forces  produce  the  same  deflections  and  velocities 
at  the  end  of  the  AT  time  step,  examination  of  the  SHOCK-AID  equations 
shows  that  the  values  of  the  following  two  integrals  must  not  change 
if  either  the  "equivalent"  or  real  forces  are  used. 


/ 


to^-AT 


f(t)cos  wtdt 


f(t)sin  wtdt 


for  all  w's  (w's  are  the  gun  system  eigenvalues) 

Now  let  T. ,  =  qun  system  period{s) 
v(  w  ■  •  ^ 


If  T^^  AT  then  wc  can  write 


-VAT 

f(t)cos^^  dt  s  I 
^0  ^0 


/ 


f(t)dt 


.  t„^Ar 


Iq+AT 


r  fit)sir>?fl-  dt  a  (  f(t) 

J  I  w  '  w 


dt 


(31) 


(32) 


t-Ti 


and  the  integral  in  (33)  can  be  written, 


(33) 
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Thus  the  "real"  and  the  "equivalent"  forces  must  have  the  same  values 
for  the  first  and  second  integrals. 


j  f(t)c(t  and 

j  J  f(T)d-[dt 

(35) 

If  we  call  these  two  integrals  for  the  "real"  force  and  Ilf  respectively, 
then  we  require  fo;*  the  linear  equivalent  force. 


1 

f 


.t(j+AT 

{rnt  +  c)dt  ~  *  +  CqAT  =  If 


1 

/ 


.t_^AT 


ffnt* 


(I!!^  +  Ct)dL  =  ■* 


■2“ 


where  c^  =  (mt^  +  c) 


These  can  be  written 

"ifl  rAT^/2  AT  irm*] 

HtJ  [aT^/G  AT^/^J  Lc J 

the  determinant  of  (33)  is  AT^/l2,  and  the  inverse  is, 


12  [  AT^/2  -AT 
t'^  [j\T^/6  At2/2 


(36) 


i 

(37) 


(38) 
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thus 


=  _6_  (39) 

AT"  AT^ 


c 


0 


Ilf 


(40) 


Direct  implementation  of  equations  (39)  and  (40)  would  mean  that 
the  equivalent  force  could  be  discontinuous,  e.g. 


What  is  more  in  keeping  with  the  original  form  of  SHOCK-AID  is 
for  "Cq"  to  be  determined  by  the  previous  time  step.  Then  in  that 
case,  if  the  first  integral  is  correct 

m  =  -L  (If  -  CqAT)  (41) 

AT" 

and  the  value  of  the  force  at  the  end  of  the  step  is  given  by 
2 

mAT  +  Cq  (I^  -  cat)  +  Cq 


Alternatively  if  the  second  integral  is  correct 


m  =  (Ilf  -  ^n^)  (43) 

AT"  ^ 

and 

mAT  +  C-  =  Ilf  ■  2cq  (44) 

°  AT" 
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and  thus  it  is  not  possible  to  satisfy  both  equations  (42)  and  (44) 
at  the  same  time  if  "cq"  is  given  by  the  previous  step. 

The  question  therefore  arises,  if  we  can  only  satisfy  one  of  the  integrals 
which  one  is  best? 

If  we  satisfy  the  first  integral  then  the  cosine  terms  in  the 
solution  are  correctly  handled  (see  equation  (32))  but  there  is  an  error 
in  the  sine  expressions.  From  equations  (33)  and  (34)  the  error  in  just 
using  the  first  integral  gives  an  error  in  the  sine  integral  of. 


where  m  is  given  by  equation  (42)  for  a  c  prescribed  by  the  previous  step. 
Thus 


It  is  not  easy  to  tell  from  the  above  how  the  alternatives  behave 
and  a  more  convenient  test  is  to  assume  that 

f  =  sin  T  (46) 

and  observe  how  the  different  techniques  approximate  the  function. 

First  of  all  using  equations  (46)  we  can  write  for  a  time  step  aT, 

If  =  cos(T)  -  cos(T  ^  aT)  (47) 

Ilf  =  sin(T)  4  aTcos(T)  -  sin(T  +  aT)  (48) 

Using  equations  (39)  and  (40)  in  conjunction  with  (47)  and  (48) 
gives  the  results  shown  in  Fig.  1.  The  curves  show  that 
for  both  large  and  small  values  of  aT  the  approximation  to  f  is  well 
behaved,  and  the  discontinuities  are  required  in  order  to  match  the 
original  function. 

Using  equations  (41)  and  (42)  with  (47)  and  (48)  removes  the 
discontinuities  but  only  the  1st  integral  is  satisfied.  Curves  of  the 
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results  are  shown  in  Fig.  2  for  a  range  of  AT  values  and 

the  approximation  is  well  behaved  for  all  values  of  aT,  there  being  larger 

discrepancies  at  large  aT  as  would  be  expected. 

If  equations  (43)  and  (44)  are  then  used  so  as  to  satisfy  the 
second  integral  only,  the  results  shown  in  Fig-  3  are  obtained. 

In  this  case  the  discrepancies  are  very  large  and  somewhat  surprisingly 
increase  as  aT  decreases,  there  being  some  form  of  unstable  behaviour 
apparent. 

That  this  is  indeed  unstable  behaviour  can  be  illustrated  as 
follows. 

For  the  1st  integral  case  we  can  write  equation  (42)  as 

and  if  aT  «  1  then  If  =  ATsinT  =  ATsin(iAT) 


. c^^^  =  2sin(iAT)  -  Cf 

and  taking  z  transforms  gives 

Z(c(z)  -  Co) - - c(2) 

2*  -  2zcosaT  ♦  1 

or 

c(z)  =  cqz  ^  _J _ 2zsinAT _ 

(z  +  1)  (z  +  1)  (z*  -  2zcosaT  +  1) 

the  poles  of  (50)  are  given  by 

z  =  '1  and  2  =  cosaT  ±  i  sinAT 


i.e.  on  the  unit  circle  and  thus  the  solution  is  stable. 

For  the  second  integral  case  equation  (42)  can  be  written, 

=  ^  -  2c. 


"iH-1 


aT* 


and  if  aT  «  1  then 


(50) 


(51) 
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Ilf  _  sin(iAt) 
aT*  2 

and  thus 


=  3sin(iAt)  -  2c\ 


and  taking  z  transforms 


z(c(z)  -  Cq)  = 


SzsinAl 


2^  -  22COSaT  +  1 


-  2c{2) 


or 


:(z) - ^ 


1 


SzsinAl 


(z  +  2)  (z  +  2)  (z^^  -  2zcosaT  +  1) 


2  =  -2  and  z  -  cosaT  ±  i  sinAT 
i.e.  outside  the  unit  circle  and  therefore  unstable. 


(52) 


(53) 


(54) 


Thus  the  conclusions  are  that  ideally  both  integrals  should  be 
satisfied  and  the  results  will  be  valid  for  all  step  sizes,  or  for  small 
steps  the  1st  itUegral  alone  can  be  satisfied.  Satisfying  the  second 
integral  alone  results  in  unacceptable  behaviour  for  all  step  sizes. 

The  preceding  sections  provide  a  basis  for  the  solution  of  the  three 
mass  problem.  The  development  is  split  into  three  phases  as  for  the  two 
m0.<;s  problem.  Firstly  a  modal  solution  is  developed  for  the  internal 
mass  and  the  contact  mass,  making  suitable  assumptions  regarding  the  motion 
of  the  shot  mass.  Secondly  a  numerical  solution  is  derived  for  the  motion 
of  the  shot  mass  and  the  contact  mass,  making  suitable  assumptions 
regarding  the  motion  of  the  internal  mass.  Finally,  the  two  are  integrated 
together  using  the  ideas  of  the  previous  paragraphs  for  XG^y  and  fgqy. 
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3 . 1  Modal  Solution  of  Gun  Masses 

The  equations  of  motion  of  the  three  mass  model  are, 
mg  Xg  =  "G  +  g 
mg  Xg  =  -g  +  f 

ms  x’s  =  -f  +  F 

where. 


G  =  kg  Xg 
g  =  kg(Xg  -  Xg) 

f  =  ks(Xs  -  Xg) 

The  equations  of  motion  of  the  gun  masses  alone  are. 


or 


X  =  M’^kx  +  kf 


and 


.-1 


^/mQ  0 


M"^k  = 


-(kf;  *  ky) 

mg 


(55) 

(56) 

(57) 

(58) 

(59) 

(60) 

(61) 

(62) 

(63) 


(64) 
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the  eignvalues  of  (64)  are  g  ven  by 

w*  J  +  lia\  +  = 

V  me  ^qj  '"g"’G 


^  .e. 


'1.2 


-  Ai^G  ^  kg)  ^  kA  ^  /  /  (kG  •»•  kg)  ^  ka  \  ,  41^ 

\  ">0  "*9  /  ^  V  ""G  ^9  J  "’9'"G 


The  standard  SHOCK-AID  notation  is 


X  +  Ax  =  b(t) 


thus 


A  =  -M-^k 


b  =  M-^f 

The  left  hand  eigenvectors  of  A  are 


- \ 

_ 1 

leGi  ,  1 

[lJ2_ 

II 

teGj  5  1 

where 


and  the  right  hand  eigenvectors  are, 
1 


1 

Bit 


-IgGz 


-*  "  Di^ 


where 


=  ^e^i  ■  *'e®2 

Let  ai  -  and  m 

The  final  solution  is 


(65) 


(66) 

(67) 

(68) 

(69) 

(70) 

(71) 

(72) 
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x{t)  =  Ui 


(73) 


Equation  (73)  can  be  manipulated  in  a  similar  manner  to  equations  (12) 
and  (13)  so  as  to  produce  marching  integrals 


3.2  Numerical  Solution  of  Shot  Motion 

The  equations  of  motion  for  the  shot  and  the  contact  mass,  assuming 
that  mg  is  motionless  are. 


g  =  -  Xg) 


(74) 


■  -  ’‘g’ 

(75) 

■  sr  (-f  * 

S 

(76) 

(77) 

f) 

g 

(78) 

=  V 

9 

(79) 

A  numerical  solution  to  the  motion  of  these  two  masses  is  used. 


3. 3  Coupled  Solution 

The  two  programs  above  were  then  integrated  into  one  program  using 
the  interaction  scheme  outlined  previously  to  produce  a  single  program. 

Basic  data  used  in  these  programs  is  given  below. 
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nig  =  TOO,  nig  =  100  ,  =  10 

k.  ‘  6.32  E8,  k„  =  6.32  E8,  =  3.95  EIC 

b  9  ^ 

F  =  6.32  E5,  t  >y.  0  ;  F  =  0,  t  <  C 
The  program  has  two  forms, 

(i)  that  uses  first  integral  only 
representation  of  ^gqy* 

(ii)  that  uses  both  first  and  secoi.d 
•integral o  to  represent  fgqy* 

The  resuits  for  the  1st  ■integral  case  are  given  in  Fig.  (4) 

for  modal  solution  t'inie  steps  of  10  and  500  p  secs.  The  shot 

numerical  integration  time  step  was  1  p  sec  in  each  case.  For  small 
time  step  ratios  10:1,  Fig  the  results  are  satisfactory  but  at 

large  ratios  500:1,  Fig.  (4b),  the  solution  is  different.  This  can  be 
nc'ced  by  comparing  tha  data  calculation  points  (the  corners  on  the  graph 
every  500  p  sec)  on  Fig.  (4b)  with  the  same  points  on  Fig.  (4a).  This 
is  in  line  with  what  would  be  expected  from  the  preceding  results.  Thus 
the  1st  integral  only  algorithm  is  suitable  for  modest  step  size  ratios 
but  begins  to  break  down  when  very  high  ratios  are  used. 

The  results  for  1st  and  2nd  integrals  are  illustrated  in  Fig.  (5) 

for  step  sizes  ratios  of  10:1  and  1000:1.  Excellent  agreement  is  obtained 

between  the  two  cases,  the  solution  points  of  the  lOOOp  sec  step  size 
calculation  falling  on  top  of  those  of  the  10  p  sec  step  size  calculation. 
Again  this  is  what  would  be  expected  from  the  previous  analysis. 
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4.0  Conclusions 


An  algorithm  suitable  for  os?  as  a  SHOCK-AID  interactive  control 
routine  has  been  developed  that  allows  a  nunsrical  integrr-tiop  routine 
to  be  coupled  to  a  modal  solution  technif’ue  such  that  each  can  have  a 
different  time  step  (in  integer  latio).  This  means  that  the  numerical 
in^egrat’cn  can  solve  the  f/St  dynamics  of  a  few  ?ion  linear  degrees  of 
freedom  (the  shot)  with  c  small  time  step,  whilst  the  nodal  SHOCK-AID 
solution  can  solve  the  slower  dynairics  of  s  much  longer  nfR4)er  of 
linear  degrees  of  freedom  (the  barrel),  using  a  much  larger  time  step. 

The  algorithm,  has  been  progra.nmen  into  SHOCK-AID  along  with  the  ful f 
projectile  model  given  in  Ref.  {Cl  and  is  at  present  undergoing  validation 
tests . 
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1st  and  2nd  Integrals  satisfied,  3  steps/cycle 
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riGURE  2a  Ist  Integral  on1>  satisfied,  2  ste;ji/cycle 


Ist  Integral  ‘.'Uly  satljfied,  3  steps/cytle 

IV-41 _ 


FIGURE  2b 
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t'l&UftE  2c  1st  integral  only  4  steps/cycle 


1st  1ntei,ral  n-.V/  •^atlr.fied,  E  sttps/cycls 
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x./3E.-e  vs  t/C.Ol,  il  -  lOE-7,  iT  =  lOE-4 
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ABSTRACT: 

This  paper  addresses  the  use  of  the  SHOCK-AID  computer  code  together  with  a 
recently  developed  subroutine  for  modelling  the  effect  of  barrel  curvature 
profiles  on  the  dynamic  response  of  the  gun  system.  It  is  pointed  out  that 
attempting  to  incorporate  such  details  at  the  Finite  Element  stage  suffers 
from  two  serious  defects:  Firstly,  a  problem  of  numerical  accurccy; 
secondly,  continuous  recreation  of  a  basic  model  during  parameter  sweeps. 
The  basic  mathematical  theory  is  presented  followed  by  the  computer 
realization.  No  analysis  of  error  is  presented  in  this  paper. 
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1.  Gun  systems  are  generally  analysed  by  treating  the  barrel  as  a  large 
elastic  structure  with  many  degreees  of  freedom,  whilst  the  remainder  of 
the  system  is  viewed  as  a  set  of  driving  mechanisms. 

2.  Generally  these  mechanisms  are  interactive  with  mutual  loads  depending 
on  the  current  displacment  and  state  of  motion  of  the  whole  system. 
SHOCK-AID  (Reference  1)  is  a  suite  of  computer  routines  for  simulating  the 
response  of  gun  systems  under  general  firing  conditions.  It  has  been 
designed  in  a  modular  fashion  to  accomodate  evolutionary  enhancements  and, 
in  particular,  contains  the  facility  for  a  user  Lo  introduce  new  mechanisms 
via  an  Interactive  Control  Routine  (ICR). 

3.  A  number  of  mechanisms  have  been  considered  for  ICR  applications.  For 
example : 


a.  A  Shot/Barrel  ICR  to  simulate  realistic  loads  on  the  barrel  as 
the  shot  progresses  toward  the  muzzle.  This  ICR  has  been  outlined 
at  previous  symposia  (Reference  2). 

b.  A  Barrel/Cradle  ICR  to  simulate  the  contact/impact  mechanism  as 
the  barrel  recoils  through  the  cradle  bearings  (Reference  3). 

4.  This  report  describes  the  development  of  an  ICR  for  predicting  the 
effect  of  barrel  curvature  on  gun  response.  Barrel  curvature  arises  in 
many  ways:  Gravity  droop;  differential  cooling;  manufacturing  set;  etc. 
A  problem  arises  in  simulating  barrel  curvature  numerically  (eg:  using 
finite  elements  or  differences),  since  the  effect  of  curvature  will  be 
swamped  by  numerical  approximations  unless  the  model  is  prohibitively 
detailed.  Furthermore,  the  performance  of  parameter  sweeps  involves  the 
generation  of  a  new  model  for  each  distinct  curvature  profile.  The  Barrel 
Curvature  ICR  described  here  provides  for  the  imposition  of  small 
deviations  in  the  barrel  profile  as  an  input  file  and  interactively 
corrects  for  the  resultant  changes  in  mass  distribution  as  the  event 
evolves.  In  this  respect  it  differs  from  other  ICR's  in  proividing  a 
correction  for  geometrical  effects  rather  than  adding  further  loading 
mechanisms. 


THEORY 


5.  Until  now  gun  barrels  have  been  represented  in  SHOCK-AID  by  beam 
elements  with  forces  being  applied  to  art  undisplaced  configuration.  There 
are  two  problem  types  that  can  he  dealt  with  by  the  Barrel  Curvature  ICR: 

a.  Any  initial  shape  of  the  structure  must  be  included  in  the  model 
explicitly  at  the  finite  element  modelling  stage,  for  example,  to 
model  the  differing  curvatures  on  a  set  of  barrels  due  to 
manufacturing  set  a  corresponding  set  of  models,  one  model  for  each 
curvature  would  have  to  be  created. 
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b.  Calculations  performed  in  the  main  SHOCK-AID  response  routine 
are  based  upon  the  physical  geometry  of  the  undisplaced  nodes.  This 
may  cause  an  approximation  when  the  response  of  the  beam  is 
calculated  because  it  does  not  account  for  the  modified  mass 
distribution. 

ASSUMPTIONS 

6.  In  order  j  overcome  these  difficulties  the  following  assumptions  are 
made  in  the  formulation  of  the  ICR: 

a.  The  effect  of  small  changes  in  mass  distribution  can  be  modelled 
by  the  imposition  of  appropriate  correcting  couples  to  the 
undisplaced  configuration.  The  corrections  concern  inertial  and 
external  loads  only. 

b.  For  the  purpose  of  calculating  the  correction  the  beam  element 
may  be  treated  as  being  rigid-  Although  tnis  is  not  strictly 
necessary  it  is  an  extremely  convenient  simplification. 

c.  The  correcting  couple  can  be  applied  as  a  self-eguilibrated  pair 

of  forces  applied  to  the  ends  of  a  beam  element.  This,  of  course, 

relies  on  the  assumption  of  rigidity. 

d.  The  corfecLir\g  Couple  is  based  upon  the  state  of  niotiofi  of  the 

beam  elements  at  the  previous  time  step  and  any  externally  applied 

loads. 

e.  The  mass  matrix  is  assumed  to  be  banded.  Again  this  is  not  a 
necessary  but  s  convenient  simplification. 

MATHEMATICAL  FORMULATION 

7.  Figure  1  shows  the  displaced  and  undisplaced  beams  and  their 
associated  loading  geometries. 

0.  Consider  the  vector  from  A  to  the  point  of  action 


r  =  -of,  =  1  -  eF 

Then  the  length  of  the  beam  can  be  written  as 


1 


or  in  matrix  form 


1 


-1 


1 


1 
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d  =-r+x  =  a  F ,  +  x 

hence  couple  c  =  d A  R  =<*  (  -*•  x,)  A(E,j^  +  £<2) 

“  ^  AE.25'‘'  +  E.2^  ^ 

9,  Similarly  when  an  element  is  rotated  by  as  shown  in  Figure  1,  so  the 

couple  acting  is: 


'^0 

where 

=  1  E-i .  y  ^  u 

We  know  that 

j!S0  =  1  cos  0  sin  0|x^ 

\-sin  6  cos  0/ 

Using  equation  1 

and  expanding  putting  F.  .; —  and  F 

f, 

X  •  €  • 

a.  1«  -  0..  1. 
a  =  " 

^  ^2  ~  ^2  '1 


Similarly  for  the  rotating  beam  it  can  be  shown  that 


-  1|  +  g2  l2^  *  ^^1  ^2  ~  ^2 

®0  " - 

^1  ^2  "  ^1 

10.  It  follows  that  by  subtracting  the  couple  calculated  for  the 
undisplaced  beam  from  that  for  displaced  beam  we  can  evaluate  the  couple 
discrepancy 


Combining 

becomes 

equations 

2  and  3  the  expression  for 

the 

ccuple 

discrepancy 

*c  =■<  “8 

"  a  )  (tjA  £2  ^  ^^0 

-  2<) 

A  (F,  + 

F,)  4 

~2 

IMPLEMENTATION 


11.  The  implementation  of  the  ICR  is  illustrated  in  Figure  2.  The 
routine  is  called  from  the  main  SHOCK-AID  loading  module.  The  global  model 
data  is  passed  on  initial  entry  to  the  ICR.  The  routine  then  loops  through 
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all  the  elements  along  the  barrel  successively  e);tracting  local  mass  and 
geometry  data,  calculating  the  required  correction  couple  and  applying  the 
appropriate  statically  equivalent  self-equilibrated  force  pairs. 

12.  The  following  is  a  list  of  requirements  regarding  tasks  to  be 

performed  by  the  Barrel  Curvature  ICR. 

a.  The  ICR  should  allow  initial  displacements  for  one  series  of 

connected  nodes. 

b.  Oispiacements  and  accelerations  should  be  used  to  calculate 

couples,  Equation  A. 

c.  The  response  routine  (in  SHOCK-AID)  force  vector  should  be 

modified  according  to  the  couple  calculated  for  the  beam  between  pairs 
of  nodes. 

d.  Absolute  position  data  must  be  produced  for  output  using  plotting 
routines, 

e.  Geometric,  connectivity,  acceleration,  displacement  and  mass  data 
must  all  be  available. 

13.  The  last  requirement,  e,  implies  certain  modifications  to  the 
SHOCK-AID  data  structure.  A  new  data  structure  has  therefore  been 
developed  to  provide  facilities  for  all  forseeable  applications. 

CONCLUSION 

14.  The  Barrel  Cuvature  ICR  provides  a  simple  and  effective  solution  to 
the  problems  associated  with  parameter  sweeping  on  model  geometry,  and 
also  corrects  for  the  approximations  concerning  mass  redistribution 
inherent  in  linear  finite  element  techniques.  It  constitutes  an  example 
of  the  way  in  which,  with  the  enhanced  data  structure,  SHOCK-AID  can  cope 
with  complex  geometries  and  and  boundary  conditions  in  a  realistic  manner. 
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The  prediction  ot'  b.irrel  neh.iv  i  oiir  din  ini;  tlie  firiiip,  phase  has  in 
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ler-Bernou  1  1  L  ,  or  Timoslienko  , 

beam 

equations  by  a  finite  dift'erenee  or  otiier  technique  (3,4).  In  both  of 
tiu'se  methoii.s  d  i  f  t' i  e  e  I  t  ies  arise  when  non-linearities  ari-)  introduced 
p.i  rt  i  c'j  1  ar  i  y  nonlinear  bearing  s  t  i  i  f  nesses  ,  clearances,  or  damping. 

1  1  vifder  to  overcome  tiu'se  d  i  r  I  ie.vilL  ies  a  dedicated  p  ’.ckage  has 
been  proiiueed  whie'.!  treats  t’ne  b.irrel  as  a  multi-degree  of  freedom 
s'pring  mass  syste,:!.  Tile  resultant  set  ot  second  order  d  L  ff  erent  i  al 
equations  are  then  integrated  directly.  This  ti'clmiiiue  enables  non- 
linearities  to  be  intr.'duced  easily  ami  previous  investigations  liavc 
Liicludi'd  the  effect  oi  bearing  eiasticity,  bearing  clearance,  bearing 
and  barr.'l  damping  (5)  and  more  recently  ch.ot  barrel  interaction 
effects  by  PowelL  (o). 

This  paper  iJescribes  the  principles  of  the  programme  written  for 
ciic  SLMulation  of  HArrel  Dynamics,  SIMBAD,  and  in  particular  the 
inclusion  and  i  n.vesL  igat  i  on  of  the  effect  whicli  barrel  expa.nsion  has 
upon  the  b.irrel  response.  Tile  barrel  is  assiuned  to  eitpaud  within  the 
bearings  until  the  ele.ar.ance  is  L.-kc:  up.  This  can  be  introduced  to 
the  birrel  model  as  either  a  forvind  d  ispl.ii  cfueu;  '  at  a  bearing,  or  mere 
realistically,  a  gener.iiised  force  derived  1  roin  the  be.,iriiig  stiffness. 
B  i  rre  ,  S  i  mo  1  it  L  en 

In  tie  s  iinu  1 .1 1  i  on  iiackap.e  the  barr..M  is  diviiled  into  a  lULsber  ci; 
holer-  liernoul  1  i  bc.iin  eleminit':  with  tliroi?  de,;rees  ol  freedom  at  eui  h 
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i'nd.  These  relate  to  the  transverse  d  tspL.ieement  ,  the  1  ong  i  luiI  i  na  1 
d  isp  lace'.uent ,  and  the  atiguiar  displacement..  This  [irovides  a  tyi'ic.il 
single  plane  analysts  which  is  ci.ms  i  de  reil  adequate  lor  symmetrical 
barrels  and  sb.ot  barrel  interaction  elfec.ta  ol  non-spinning 
pro ject 1 1 es . 

Fo!  towing  entry  ol  the  barrel  external  aitd  internal  profiles,  tiie 
barrel  is  automatically  divided  into  a  nniviliei  of  elements  as  specified 
by  the  user.  Th  '  s  also  tabes  aee.ount  of  bearing  position.  Tlie 
resultant  eijnations  are  -issembled  into  a  stillness  matrix  in  the  same 
way  as  a  finite  element  stiffiii’ss  matrix  wxuild  be  composed.  The  fina 
htsic  e'-piattiiin  is  of  r  Ire  torm: 

(I-'I  ['^j  UJ 

where  [K]  is  the  stiff  nt!S,s  niat.rtx 

I  o]  represents  all  of  the  d-rgrees  of  freedom  and 

(I'i  repre;  ents  the  external  forces  at  each  node  which  can 

Include  inert  la  forces,  damping  forces,  bearing  forces,  etc. 

The  present  system  allows  a  maxinnim  of  25  elements  (78  degrees  of 
freedom)  but  experience  brs  siiown  that  a  solution  genetally  converges 
■it  betw  'en  20  and  25  elements. 

If  the  inertia  effects  are  included  the  equations  become 

[Ft]  =  [M]  fsl  +  [K]  (61 

Where  [M]  is  the  mass  matrix  of  the  system  which  in  tlie  package  is 
calculated  automatically  together  with  th('  stiffness  matrix. 

Additional  ma.sses  ."^uch  as  breech  mass  and  moment  of  inertia  is  added  to 
the.  mass  inattix  and  the  resultant  set  of  simultaneous  differential 
equations  solved  by  a  secirml  order  Riui.ge-Kut ta  technique.  During  this 
process  it  is  relatively  simple  to  suppress  a  d  Lsplaceinent  ,  or  imi.'ose  a 
t're'ic:r  i  i.'ed  li  lsplaceinent  . 
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!i.  S  Linf  i  i  i  U'l!  r.’pri'Si'iit.iL  ioii  o!'  b.iifol  tiroc:>p. 

T:;''  p,-  :u' r,i  I  I '-'od  tiMV-inp,  d.it  i  i rL-ijrfseiiL  Lap  t!io 

pivssiir>.'  t  ini’  i'll'’.!’  pi'. •dues’'-  r.’.ie  reeuil  ae.ef'l  er^n  i  oT  tho 

barri.’l.  Otiu-r  roiirlnes^  wi-ieh  liavs’  betUi  i  nciir  porattnl  tor  speoi.il  rar.o 
studiis  in'i'’.di  ;  le  iMIee'  ii  hiii'lut  .  ntei  I  a  ne>.’ ,  'diot  lauri’l 
i  i:  t  •' r.’e  r  i  • ,  uui  1  lie  •■al/'u  ■!  ot  tin's  p.iu-’r. 

Vl'.i  p.'U'k.ipe  .U![  .itna!  i  :•  !  '  i  y  pi'iHli.'OOS  .1  I'esultf.  tile  Pad  aJlsiws 
pLoLLiop,  oi  nui>:/I-a  t  rauseers.’  disp  ai.a-  , ’[ir  ,  transversu  vs'loeii.y, 
ailyiilir  d  i  a  p  I  .leene;-,;  ,  aneaiLar  vu-loctty,  jimp,  arsi  t  lu'  bariei  stiapas  at 
d'!  '  iiik;  i  lit  e  rva  i .  riie  shape  ot  Liu;  b-irred  ean  also  he  dispiayesl  ia 


due  proj;i’ inii'.iiu  ua-.  ki'iiien  011  a  l‘ieka:\i  HIM'’  desk  top 

eoinDiitiT  ,  but  has  also  bos-n  Imp  1  e:nen  ted  on  the  !IPd''l)0  series. 
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ni.iLLoiis  luivf  gt'nei'ally  olt.hcr  .issuriic’il  a 


b  a  r  r  e_l  '■  ’i’LL'lLLJal  •  f  t-  a 

Previous  liearing  r 
pin  joint,  >  linea.lv  i-l;>  in  bearing  or  an  elastie  bearing  witli  a  S(;t 
clearance.  The  iattei  ot  Liu-se  is  probably  the  more  realistic,  but  li 
still  J()es  not  tahe  account  ot  the  tact  that  during  firing  this 
clearance  is  changing  as  the  barrel  CKpand.s.  Also,  the  CKpausion 
itseli  will  tinid  tcj  make  tlic  centre  line  of  the  barrel  move  lolative  to 
ttie  bearing.  This  iattec  case'  on  its  own,  can  be  represented  simply  as 
a  prescribed  d  i'.'.placement  .it  a  bi'aring  node,  such  that  the  displacement 
ot  the  node  equals  t!\c  harr..'i  expans  iiin.  This  represents  an 
unrealistic,  idealistic  case  of  t.'xpansiou  on  a  solid  bearing.  However, 
when  it  is  realised  t.i\at  the  change  ia  radius  Cor  free  expansion  of  a 
typical  I  I'O  mci  gun  is  ol  the  order  of  0.33  mm,  it  is  of  interest  to 
examir.e  the  case  as  a  base  line. 

The  complete  case  Is  more  complex  because  conditions  change  as  the 
clearance  is  taken  up  or  flit'  barrel  loses  contacf  with  either  siue  of 
the  bearing.  Kf f ectively  the  model  of  the  b.irrel  repiessnts  the  motion 
ot  the  Centro  line  of  the  bore.  Tlie  e.xpansion,  or  increase  in  barrel 
radius  at  tite  bearings,  can  then  be  added  or  suhtr.icted  to  give  the 
effect  which  the  expansion  has  upon  the  bearings.  If  the  barrel  is 
ip.ilially  sitting  on  the  bottom  oi  the  bearing  rlun;  four  separate 
coiulitions  need  to  be  cousUiered.  The  initial  starting  position  is 
showi\  in  Diagram  1  ,  and  from  this  point  the  di.splcceraent  of  the  barrel 
centre  line  at  the  bearing  is  Xc .  The  d  i  spldceinent  of  the  lowest 
Sort  ace 


is  there!  ore  Xc  -  T.x 


•and  ot  the  top  surface  Xc  +  Rx. 


I'ho  l  )ur 


Si’p.ir.iti'  r  tii'.d  i  L  i  iMi:;  .'.if  now: 

!  .  Will'll  Xi'  -  l-.x  il  .iiul  Xi'  1-  Kx  L‘l  ,  the  Ivirvcl  ui  1  !  noi  hi'  hi 

riuI.H’L  with  till'  hc.irin;'.  ,  .iiui  I'c.iriii,;  lofi’i-,  HI  0. 

.  Whin  Xi-  -  lix  •:  il  ,iiui  Xc  -l-  Kx  i  Cl,  Ltii'  inwitr  itiift'.u'i'  ol  t  Iti- 

barrel  wi  '  !  hf  pushiii)’,  Lnti'  t'u'  bearing,  .and  Llir  iipiicr  suriaoe 
will  be  tree.  Tile  reMiiiianl.  t'lrco  aeting  on  the  barrel  will, 
he  : 

lit  -  -(Xe  -  i:x).Kb 

).  When  Xe  '  Xx  i"  0  and  Xe  +  Kl  b  Cl,  both  t  lu-  upper  and  Lower 
suri'aee  will  be  in  eontaet  witli  the  bearLiiga.  The  forre  on 
the  barrel  will  have  t.wo  I'liinponent  s  snob  Ch.iV  : 

lit  -  -(Xe  -  Kx).Kb  -  (\o  +  fix  -  CL). Kb 
or 

Bl  =  --(dXc  -  CL). Kb 

It  will  bo  iioLed  Ltiar  once  the  cioaraiuie  barf  booit  C.akon  uj) , 
tl'.e  roree  coiitpuneiU  due  to  any  more  expan.sion  disappoara. 

■4.  Will  n  Xe  -  lix  >  t)  and  Xc  c  Kx  ^  CL,  the  lower  surl.tee  h.ia  riaen 
oft'  the  hearing,  but.  the  elearauce  hat;  been  haketi  up  on  the 
other  .'turtaee.  Tlierotoro, 

Bt  -  -(Xe  4  l-ix  -Cl). Kb 

The  above  eiiuatiens  within  the  Limits  indicated,  give  the  foreo  to 
bo  appliod  to  tl  barrol  at  tho  boaring  node  it  the  barrol  iaitraily 
rosLs  on  the  bottom  ot  tho  boarin;',.  A  simLLar  sot  ot  oquatLons  can  be 
written  whon  tho  barrel  initi.iiiy  re.st.s  at  the  top  of  tho  bearing. 

The  barrel  exp. ui. ion  is  .ietu.il  ly  a  dyn.imie  situ.itlon,  but 
unpuhlishid  .stu.lies  by  P  King  at  RMCS  .sug,g,ost  that  for  ail  praeticai 
purposes  the  expan.sion  can  bo  eonsLdoied  direct  iy  proiio  r  t  iona  i  to  the 
internal  piessure.  For  this  stuily,  a  siinjilo  finite  eiemeut  model  w.i.s 


lV-59 


J 


usi'd  Lii  olu.iin  an  i.’x;'ain;  i  I'li  i  mM  l  ii-itnit  ,  (’n ,  .inii  I  he  I'xii.uision  j;  i  vcn 
bv  ; 


I'.x  --  1  nnl  .111 t .uuHms  presmirn 

rill'  vmIuo  u.ned  lor  tlie  iu'.ifini',  :;t  1  ithiess  w.is  derived  I  rum  e.irller 
work  carried  out  hy  Kin;;  uri’d  in  sLudies  of  a  l.'t!  mm  barrel. 

Computer  S  Limilat  ion 

Tile  simuirion  ut'  tlie  b.irrel  expansion  w.is  .applied  to  .a  typical  120 
aim  ;;nn,  siinil.ir  to  tlu'  Cliieit.iin  li.itrei.  The  pressure  time  curve  was 
also  typical  ol  au  Al'DS  round  in  such  ,i  ..v.ui .  Keeping  the  same  bearing 
position.s,  the  following  ca.;es  were  ceiiS  uloret! : 

1.  No  expCiiisLon  with  pin  jointe.l  bearings. 

2.  .1o  expansion  witli  L-|.istic  bearings. 

1.  Nu  expansion  wirli  ei.istic  bearings  .and  clearance  .;f  0.23  mm. 

A,  As  3  <abc\e  but  witii  very  large  cle.iranc.e  oi  .0  mm  so  that 
impact  with  the  other  side  of  the  hi.'aring,  does  not  occur  before 
.shoe  exit. 

5.  Barrel  e.tiiau.sion  on  solid  bisitlngs. 
o.  As  3  above  but  incltuliiu;  barrel  expansion, 

7.  As  6  above  but  witii  cle.iL.iuc*-  of  0.13  iiim. 

8.  As  0  aliove  but  wirii  .1  clearance  oi  0.5  mra, 

9.  As  ubovo  but  1  lie  !  lul  i  ng,  b.irrei  expansion. 

10.  .A  case  witii  no  Lr.insverse  bearing  i  esi.  ra  int  ,  (  Frce-Fn'e)  . 

Tile  s  imn  ia  t  ions  all  included  Llie  ri’coil  arcelerat  Ion  and  tiie 

resultant  inoiiieiits  produced  by  tiie  oi’fsct  hreecli  and  nuiazle  reference 
siglit . 

Di.scussioii  o I  Resu Its 

Ftgure.s  1  and  2  demoii.s  t  ra  Le  tiie  effect  ot  various  bearing 
idea  1  1  sa  C  i  oils  witnoul  b.irrel  expansioa  includ.ed.  Figure  1  sliows  tiie 
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vorrii'al  li  1  p  I  .u-'MiuMii  oi  Llu>  muz/.li'  tor  p’n  joir.tfi  hi'.ii  ;  n,;s  . 

hcMruij;^,  aiui  a  last  i  i-  Ih'.i  r  i  iip.s  with  r  1  r.i  iMiire  .  Kippin-  2  sh:)w^i  ila’ 

d  \  ^  p  iari'i,;('ut  \jilli  tvpii-il  i- 1  t'.ir.i'u-i' ,  very  i' 1  im  r  md  no 

i'o.i  i  i  u,.,  f''-  i  f.i  i  Hi  at  all. 

rtii'  Iar;'a'  .'laafaiuo'  i.asc  and  Kia-t.'-- Free  cast’  prothi'-i-  vt'ry  emnilar 
rejail's.  Ihis  is  baiau.-a'  lIu'  rtMitro  ot  jtravity  of  ihi"  barr.’l  Is  ahoad 
oi  tlu'  1  r.mt  boaiiny,  and  LlnM'oforo  it  iiormaily  sits  on  Lin.-  boctoi:-.  of 
tlio  t  roiu  lu'irinj,  aad  .ts.;ainsi  tho  Lop  of  tbo  roar  ht.iring.  When  the 
broiH'l',  ii'.n;nonL  is  appliod,  tho  toiilonoy  is  to  lilt  away  t  roiii  i-ach 
hoar  in,.  vUid  t  ha- ro  i  o  ri.-  b.avo  ao  restraint.  However,  tliore  is  an  initial 

o.Dnipfos.s  i  on  o‘  l.ho  front  bearinp,  for  a  very  .short  period  which  prodn-fos 

tile  sllohi.  dittereui-e  het'we-on  t  ne  two  cases. 

Fifpirc  3  i.s  shown  lor  comp  let  ones  s  and  dispLay.s  tl'.e  probably 
niirealistie  case  ui  expansion  on  solid  bisirir.jps  compared  with  t'Lastic 
tieariiiits  and  It)  mm  clearance. 

Figuie  a  sifows  the  dir'ferent  responses  for  (.“X]).insi on  witii  oiast..c 
bearings  and  var'ious  amonncs  oi'  clearance.  What  is  iiarticnlarly 
interesting  is  the  flattening  of  the  rt;sponse:'>  aroniui  .shot  exit  as  the 
ciearanoe  is  ri’din-ed.  This  has  bootu  observed  in  ictnal  firing, s  when 
iiusisiiremeiit  oi  tunz’-le  movemont  was  being  tako'‘n.  It  oce.nrred  during  a 
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c  ansisl 

by 

the  barre 

i  expanding,  as  its  Lea.per.it  nre 

i  lie re.iseii 

atui 

lii'iiw’O 

ti'.e  oil 

L- .  1  r 

anee  taduc 

■  ■d.  Direct  eoaiparisons  between 

expaiis  Lon 

and  Hvi  o.-tpansioa  are  shown  in  Figures  .a  and  b  for  O.il')  mm  clearanee  and 
II)  mi:'  elearanci'.  I  I  eaji  be  seen  ,ii.it  the  e  p.insioii  rednctsl  the  peak 
resp.inso  ot  tfie  b.tr;ol  in  both  easi-s. 

t'ont  idoitei'  in  thi*  resnits  is  obtained  when  t:he  barri'l  ilet  looted 
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sh.q'i’S  .11''  r  iiiv;  i  ■]  I' ri'il  ,  .Hi'  slinw;!  In  K  i  j'.siii",  /  ,  ,  'I  .iiul  '.(I,  .mil 

liuiicatn  I  lu’  b-iirol  !  .'k  -n  iii>  .it  l'.‘'  m.-^  I  nt  r  fv.i  1  s  .  ''hn  c.i'U'  nl 

hi'.ii'Inj,;  c' 1 1'.i  I  .iiici'  with  ud  I'Xi'.m;;  i ,  Ki  j’.iifc  /'  ,  .‘■■.iuiw-;  th.;:  il  I  lie  ront 

bi'.iriiij’,  tin-  b.irii'!  nuivi':;  .int  >s:;  t  .'i'  n  1  t'.i  r.iiii'i-  ,iik1  ,  ilt.  'r  la  ■ ss  i 
int.1)  tho  (it.lu’r  siile  ol  Iha  bi'.iiiii)-.  ;  s  dot  1  nt  '  •■<!  b.ii'k  an  rvi.s ;;  t  hi' 
n  I  I'.i  I'.uu'L’ .  Will'll  I'xp.iu  I  i  .111  is  i  n.' i  u.'i'.i ,  Fii'.ure  .S  ,  Llu'  b.irii'l  .still 
moves  .u-ro.ss  the  elear.uiee,  but  lu  e.iuse  thi'  b.irrei  has  exp.;  nue'd  and  Llie 
ele.ir.iiiee  Lhi'ietore  ri'duee.i  ,  the  een;  re  ot  line  ot  the  b.irrel  doe.s  not 
^p't  dt'l  1  ei' t  i'll  b.U’k  so  easilv. 

The  el'leet  ot’  the  re.ii  b.-.iriiijt  is  mor"  obviou.s.  The  motion  ot'  the 
barrel  dowuw.irds  Is  .issist.'ii  b  the  expulsion  ol  the  barrel  .ig.iinst  the 
t.)p  ot’  the  re.ir  be.irlne,.  Tlie  dowiiw.ir.ls  motion  of  the  breech  is 
theroi’oi'.'  inero.ised  by  nearly  '.a  mm. 

Tlie  e.ise  ot  .i  simple  ei.istie  be  iriiie,  with  no  ele.irance  is  shown  rn 
Figure  9.  The  mot.  ion  .it  e.ieli  bearing  has  obviously  been  'suppressed,  as 
has  the  over. ill  mot.ion  or  the  eoinplele  b.-irel.  Figure  It)  shows  the. 

Frei -Fi'i'i'  e.ise  t  or  eompari  s.n'. 

Fln.il.ty  Figure  11  .''hows  tlie  jeinp  cli.ir.ioteristlcs  for  a  simulation 
with  .in. I  wi  L.iiuit  e. ■ip. Ills  ion .  The  figure  of  jump  i.s  c.alculated  as  the 
'•luv.'.l,  angle  nil!',  the  mu.-.’.le  trainiverse  velocity  divided  by  the  shot 
exit  V. 'loci'/.  This  is  shown  t Or  the  complete  time  period  although  the 
.rain  .ir.'.i  o  Inte’est  is  at  siiot  exit.  It  en.iblos  an  appreciation  to 
be  iii.ule  ol  the  pos-iibie  ell. luge  in  jump  if  the  .slioL  exit  point  was  not 
correet.  it  c.ui  be  seen  Lti.’.L  lor  tlie  s  iiiiulat  iuu  with  barrel  expansion, 
tlie  exit  c  im.'  is  'lot  so  eri’ir.i’;.  llowev.-r,  tl.b  ms  difterence  for  the 
no  exp.insioii  c.i-ie  would  pr.'.luei'  .'  very  diftereiit  jump  figure. 
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'\5tic  1  uM  i  oils 

Tlu'  etloi'L  O'^  b.irre’.  expansion  within  the  bearings  and  its  effect 
on  t  ransvnrsi-  response  can  be  slmnlaLed  relatively  easily.  It  can  bt; 
detined  as  addLt'onal  forcing  teiins  to  the  barrel,  dependent  upon  the 
d  i  sp  1  ac  emmit  o  t.  ttie  barrel  within  tlu-  bearing. 

Results  sliow  that  Inclusion  of  tlic  barrel  expansion  produces  a 
significant  change  in  tlie  b.irrel  response  ami  sh.ould  therefore  be 
con.sidered  in  studies  ot  gun  jump  cliaracterlstics . 
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1.  TAYL.OR  B. 
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Vertical  displacement  or  barrel  centre  tine 
Radial  expansion  of  the  barrel 
Initial  clearance 
Bearing  stiffness 


Diag.1  REPRESENTATION  OF  BARREL  EXPANSION 
WITHIN  THE  BEARING 
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I'OWl'l.l, 


A  SlMPl.t;  THPOHKTlCAu  MODEL  OF  FHO': /BARREL  INTLI^ACTION  WITHIN  A  SMOOTH 
UOHL  (.TIN 


ABS  rRAL'T : 


A  inodtil  a  smooth  bore  barrel  in  one  plane  is  developed. 

This  involves  the  use  of  stiffness  equations  of  sinqle  bean  elements: 
similar  to  thos.i  used  in  finite  element  modelling.  The  equations 
of  motion  describing  the  pitch,  and  bounce  modes  oi  the  shot  are 
st.ated  and  the  two  sots  of  equations  are  linked  to  predict  the 
effects  on  t.he  shot  of  sliot-barrel  interaction. 

Data  from  a  compressed  air  powered  g-,’.n  is  used  to  validate 
the  model. 


BIODRAPHY : 

TRLSENT  ASSICNMLNT: 

RESEARCH  SCIENTIST  ROYAL  MILITARY  COLLEGE  OF  SCIENCE 
PAST  EXPERIENCE: 

PAST  RESEARCH  INCLUDES  WORK  ON  GAIN  DYNAl-lICS  AND  AIRCRAl’T  5URV1  V.ABILITY 
DEGREES  HELD: 
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IN’TRO DUCT  TON. 

When  L  Diiri  J-:' .■  ing  t.uik  guns  one  n  [  Llie  factors  contributing 

r.>.'  rounii  1 1,'  rouiul  dispersion  is  th"  y;t\.,ing  ini-.tion  of  Llie  sliot.  Indeed 
;\Md  I'i -vj;,  (  1  )  sugp.v  ,s  c f.:;at  tliir.  ;aor.i.v)n  is  of  a)ujor  importance  and 
Waikerfd'  makes  the  point  tl>at  shot  balloting  (rattling  in  the  bore) 
can  causi-  so'.'Te  shell  engraving  and  wearing  of  the  gun  barrel.  To 
undi-f  stand  the  cause  i'>t  /aw  for  an.  ..^e  rodyi'i  in  lea  I  ly  stable  shot,  it  is 
nece.ss.iry  to  stud;,  he.rrel  movctien t s ,  projectile  in-bore  motion  and  Che 


L  [K. 

iMct.  ion  r'f  the  bar.el  and  t'.i 

■  projecti 

Le , 

.\  .'on:;  id'' rail  1  e  a.m  'mtit  rif  ox: 

V:  r  iment.il 

and  Ltieoroti; 

:.sl  work  has 

t 

■;  pi  tC'.-  it.  th'  ‘  told  o;  b.i:'r:. 

;i  motion. 

Mathemat  ic.al 

mode  1 1 ing 

taciiii i  (j ne.s  nsir.i;  c.Oitpnters  are  now  boi.ag  usiid.  Ttiese  can  be  divided 
iota,  tnoso  u.sia:,',  'iente  li ;  r  f  rence  cp.iat  ijn.s  ,  for  instance  Pagan(3), 
and  r'.iag  and  ’’.■'oiaas  (  4 )  ti'.oae  using  the  finite  element  method, such 

as  Tav  Lor  ,T!ionr,',asoP.  an;!  Vance(3)  in  Great  Britain  and  Soifer  and 
Becket(6)  in  the  United  ritate-s. 

.•\  ;w  theorot  Lc  il  b.M' re l-pro  jee  c  i  ie  models  have  been  produced. 

Noi  .nbly  by  boo  l!o  -  and  ,\ini..‘rsoii( 7 )  who  used  equations  of  motion  for  the 
;.'ro;,nt  i'.  d./n-nn'-  s  oh.  a  ;  n..'d  us!''./  L.ig.range '  s  method,  ccmpled  to  a 

finiii  d  L  f  t  tj  r.iiu'c-  nari-cl  rsidel  ,  and  Chu(H)  vaio  used  EuLet's  approacli  to 
obi.itn  equ.at  L  .'t  s-.tion  fot  the  siioL .  The  potentialLy  more  powerful 
iinir.t  e’eaeiii,  Ijarrel  models  pr'jde.ci'd  in  Great  Britain  and  the  United 
St.it'-s  .ate  buitig  iiiodiTii.-d  to  inclu<li;  tlie  •'.fleets  of  sliot/barrel 
/  nt'f  ae.i.  ;  on  . 

.■’.■lothe?  .iiipro.ic  i; ,  su;;gi. by  Hiii'.n.in(  9 )  is  to  produce  the 
siitiTies'.'  equ.i  t  ious  .similar  to  the  ftiiire  eler.u-nt  tertmitpae,  include- 
Lite  i  ii?iLi,a  torc.es,  aiui  tlien  sol'.if  rusuLting,  S‘'t.  -)Z  simultaneous 

Sir. nut  '.u'drr  d  i  f  I  e  I'l' n  t  i .  1 '  -■‘•pi-it  iuii-.  one  ot  the  sl.audard 

a  1  ;u .  r  i  ;  litt;.-.  .1  v  i  i  1  .ib !  •  ■  . 


:v  /b 


Ill  this  paper  BuLman's  approach  is  used  to  produce  a  model  of  a 
smooth  bore  barrel  in  one  plane.  The  equations  of  motion  describing 
the  pitch  and  bounce  modes  of  a  shot  in  one  plane  are  stated  and  the 
two  sets  of  equations  are  linked  to  predict  the  effects  on  the  shot  of 
shot-barrel  Interaction. 

A  compressed  air  powered  apparatus  which  simulates  many  of  the 
characteristics  of  a  recoiling  tank  gun  has  been  developed  at  RMC.S(I0). 
Data  from  this  gun  is  used  to  test  the  theoretical  results. 

DERIVATION  OF  THE  MATHEMATICAL  MODELS 
Barrel  modelling 

A  two  dimensional  mathematical  model  of  a  barrel  with  constant 
bore  and  outer  diameter  was  produced  by  considering  a  series  of 
Euler-Bernoull i  beam  elements  joined  at  the  nodes.  At  this  stage 
longitudinal  vibrations  were  not  included.  This  gives  two  degrees  of 
freedom  at  each  node.  These  are  linear  motion  perpendicular  to  the 
barrel  axis  and  angular  motion  about  the  horizontal  axis.  Using  the 
sign  convention  shown  below  for  the  displacements, 

Uj 

Fig  1.  Displacement  of  node  j 

and  letting  ttic  applied  external  forces  on  the  barrel  element  at  nodes 
j  and  j+1  be  shear  forces  Fj  and  Ejj.j  moments  and  ,  wi  th  tlie 
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Therii  is  no  requi r.-imont  that  the  barrol  elemouts  need  to  be  the 
same  leiif^th.  Indeed  the  program  chooses  eieraeui.  lengths  so  that  the 
bearings  are  at  barrel  nodes. 

Shot  modelling 

We  first  make  the  following  assumpt ions . 

1.  There  is  no  friction  between  barrel  and  shot, 

2.  The  driving  bands  have  no  play  in  the  barrel, 

and  3.  Yaw  deflect  tons  are  small  such  that  sin  @  =  0 


Fig  3,  Schetnatic  diagram  of  a  shot  in  a  smooth  bore  barrel. 

Using  Che  sc;heraai  Lc  diagram  (figure  3)  and  considering  shot 
'bounce'  and  'pitcti'  we  can  v/rite  the  equations  of  motion  for  the  shot. 

My  =  -k^(y  -  GL^)  -  kjj(y  +  eL2)  -  C^(y  -  )  ~  C^^Cy  +  612)  .  ( ) 

01  -  T  +  L^k^(y  -  OLp  -  L2kt,(y  +  eL2)  +  C^L^Cy  -  OL^)  -  Cj,L2(y  +■  9L2) -  (5) 

These  equations  are  solved  using  a  2nd  order  Runge-Kutta  routine 
and  the  shot  and  barrel  solutions  nr-  connected  using  the  following 


me  tliod . 


Shot  barrej.  iriLeractioi 


Tp.e  positiori  of  the  shot  in  the  barrel  is  calculated  from  tlie 
pressure  tine  curve  and  the  position  of  each  of  the  driving  bands 
relative  to  element  nodes  is  deduced, 
a )  F orces  from  the  barrel  on  the  shot 

To  include  barrel  effects  in  the  equations  of  motion  for  ch.e  shot 
it  is  necessary  to  interpolate  between  Lite  barrel  nodes  to  give  values 
for  barrel  motion  at  the  driving  bands. 


Fig  4.  Dispiacemeiit  of  ui'.*'  barrel  at  the  onct  driving  bands. 

Using  f;.gu!‘e  ,  let  the  rear  dri  vi  ng  ii  uid  be  between  nodes  and 

and  the  front  driving  band  be  betceo;:  nodes  x.  •  and  x  ,  then. 

J  J’d  ' 


■■b  "  ^^J+1  ■ 


The  vertical  dtstaiice  moved  by  the  barrel  Is  then  incorporated  into  Lh< 
shot  'bonuev;'  equation  (4)  to  give  t’ne  new  eq.i.ttion. 


-  K  V  Y  -  X 

a 

The  eqiiatiuu  for  sliot  piccli  becoiaes. 


:'L 


+  J  k  (y  X  1  -  Lk  vy- X  I- y  C_L,(y-x  -Oi,.  )  -  C,  I.,  OL  . ) 


b) Forces  from  tho  shot  on  tho  barrel 


Vertical  forces  from  a  driving  band  are  added  to  the  barrel  mides 
eitlier  side  of  that  driving  band  in  proportion  to  the  distance  of  the 
driving  band  from  the  nodes.  Using  figure  4  and  Letting  be  the 

shear  force  frota  a  driving  band  a  distance  d^  from  node  i  the  shoar 
force  on  node  1  is  calculated  using  the  formula, 

^i  =  -■ 

and  the  shear  force  from  the  sane  driving  band  on  node  i+1  is. 

^i+l  = 

So  that  if  the  shot  is  within  one  barrel  element,  ail  of  the  forces 
from  the  shot  are  regarded  to  act  at  the  nodes  eitlior  side  of  uhat 
element.  But  if  the  driving  bands  are  in  separate  barrel  eleoents  tl-.e 
forces  are  applied  at  three  nodes. 

EXPERIMENTAL  PROGRAMME 

A  30mm,  rauzjiLe  loaded,  compressed  air  powered  gun  has  been 
developed  at  RMCS  to  simuJatc  many  of  the  characteristics  of  a 
recoiling  tank  gun.  Many  parameters  can  be  varhed  easily,  these 
include  breech  mass,  breech  inertia,  buffer  .■  ti  f  fness ,  bearing  spacing, 
shot  mass,  bearing  clearance  and  breech  pressure/ time  profile.  Barrels 
can  be  interchanged  within  a  few  minutes  and  t'aese  include  a  smooth 
bore  mild  steel  barrel  with  a  wall  thickness  of  10  cm,  a  thin  wailed 
aluminiura  smooth  bore  barrel  and  a  rifled  barrel. 

The  gun  body  is  symmetrically  balanced  about  both  the  horizontal 
and  vertical  axes  but  masses  can  be  added  above  or  below  the  axis  to 
create  an  out  of  balance  'breech'. 

InstruraentaC..on  has  been  designed  which  records  the  change  in 
angle  of  the  shot,  about  both  the  transverse  horizontal  axis  and  the 
vertical  axis.  To  facilitate  this  the  round  was  required  to  carry  a  12 
mm  diameter  mirror  on  its  front  face. 
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A  round  has  been  des  itjiiedC  1 1 )  to  give  >i  set  oC  oharacCerist  Ics 
chat  include , 

1,  a  pitch  frequency  of  between  150  Hz  and  300  Hz,  to  -ive 
sufficient  number  of  cycles  as  the  shot  passes  down  the 
barrel , 

2,  a  maxiraun  pitch  defleccloti  of  +4  nrad , 

3,  a  damping  ratio  of  .1,  or  less, 

and  4,  symmetry  about  the  central  axis  with  provision  to 
attach  oft  axis  masses  to  create  an  out  .if  balance 
round . 

.4  cross  section  of  the  design  is  shown  in  figure  5,  It  consists 
of  an  outer  cup  (Aei)  with  machined  driving  bands  (BB)  and  (CC),  a  L2:an 
diameter  inner  beam  (D) ,  a  cantilevered  beam  (E)  and  an  end  mass  (FF)^ 
The  position  of  ttie  mirror  to  be  used  when  measuring  the  angle  of  the 
front  face  is  shown  at  (G) .  In  the  experiments  described  here  the 
cantilevered  beam  (E)  was  specified  in  silver  steel,  with  the  rest  of 
the  shot  in  aluminium  alloy.  However  In  future  shots  beams  'D'  and  'E' 
are  to  be  integrally  machined  from  one  material.  The  'free'  end  of  Che 
beam  is  shaped  to  give  a  Larger  contact  area  with  the  mass.  This  is 
attached  by  a  press  fit  and  adhesive. 

The  driving  bands  were  specified  with  a  tolerance  of  .01  mm,  this 
fit  was  designed  to  form  a  pressure  seal  and  was  considered  tight 
enough  for  Che  balloting  motion  (rattling  in  the  bora)  of  the  shot 
outer  cup  to  he  neglected  in  theoretical  predictions. 

Except  for  two  holes  in  the  end  mass  (FF)  the  design  is 
symmetrical  about  the  central  axis.  Various  masses  can  be  screwed  into 
these  holes,  to  make  die  shot  symmetrically  balanced  about  the  bore 
axis,  or  to  give  it  an  off-axis  centre  of  gravity. 


IV -8  4 


To  give  an  initial  test  of  the.  raathoraatical  model  two  sets  of 
firings  of  shots  witl\  a  2.1  gram  mass,  offset  from  che  shot  axis  by 
10.5  mm  and  positioTied  below  the  bore  axis  prior  to  firing,  were 
chosen .These  used, 

1)  The  mild  steel  barrel  with  a  muzzle  support  fitted  so  that  tlie 
barrel  can  he  regarded  as  Inflexible  and  the  shot  studied  in 

isolation,  and 

2)  The  flexible  (aluininlum)  barrel  with  a  balanced  'breech'. 

RESULTS  AND  DISCUSSION 

Figure  6  shows  two  theoretical  traces  for  a  sb.ot  with  a  17mn  x 
2.&mm  diameter  cantilevered  beam  with  an  offset  mass  of  2.1  grams 
placed  l().5min  underneath  the  axis  of  the  shot.  One  trace  is  for  an 
inflexible  barrel  and  the  other  for  the  flexible  barrel.  The 
tlieoretical  predictions  suggest  that  barrel  motion  will  have  a  definite 
effect  nn  tile  shot.  In  this  case  the  effect  of  the  flexible  li.arrel  is 
to  rotate  tlie  nose  of  the  shot  downwards  about  the  horizontal  axis. 

In  figure  7  the  theoretical  prediction  and  an  experimental  result 
from  the  'inflexible’  barrel  are  plotted.  As  this  figure  shows  the 
theoretical  model  is  now  giving  reasonable  predictions  of  shot  motion 
within  a  solid  barrel.  The  experimental  trace  shows  a  frequency  of 
approximately  222  Hz,  whilst  tlie  theoretical  trace  has  a  frequency  of 
about  210  Hz. 

Theoretical  and  experimental  traces  for  a  shot  with  a  20mra  .x  2.6mm 
diameter  cantilevered  beam,  fired  from  the  flexible  barrel,  are  plotted 
in  figure  8.  The  experimental  result  confirms  that  a  downwards 
rotation  of  the  shot  nose,  about  tl'.e  horizontal  axis,  does  occur  when 
the  inflexible  barrel  is  replaced  by  the  flexible  barrel. 


lV-85 


One  cause  of  tnacurracy  in  the  flexible  barrel  model  is  that  the 
gun  bearings  were  modelled  as  pin  joints,  and  it  has  been  shown(9), 
that  the  hearing  stiffnesses  and  in  particular  dauiptng  at  the  hearings 
is  an  important  factor  when  predicting  barrel  response. 

A  large  scale  firing  programme  to  provide  data  to  fully  test  the 
matlieinjt  ical  model  will  now  be  Implemented. 


CONCLUSIONS 

Early  comparisons  with  a  few  experimental  results  siiow  encour^iglng 
resu Its  . 

One  of  the  advantages  of  tlie  experimental  apparatus  described  is 
that  a  large  number  of  firings  can  be  under  taken  cheaply  and  quickly.  A 
firing  program  will  now  be  undertaken  to  provide  large  amounts  of  data 
both  to  est  the  simple  rcatlieraat Leal  model  described  and  for  the 
testing  of  other  theoretical  models. 

ACOOWLEDGEMENTS 

Ihe  experimental  programiae  described  is  being  supported  by  the 
Royal  Annament  Research  and  Development  Establishment  (Fore  Halstead). 


notation 


For  the'  barrel. 

Fj  Shear  force  at  node  j 

Mj  Moment  at  node  j 

F  Modulus  of  elastic  ty 

Second  nu  inent  of  area  of  the  barrel  cross  section 
Lj,  beui^th  of  barrel 

L  Length  of  a  barrel  element 

Uj  Horizontal  displacement  of  node  j 

Vj  Vertical  disiplacement  of  node  j 
Gj  Angular  displacement  of  node  j 

M^^  Mass  of  a  barrel  element 
For  the  shot 

0  Angular  displacement 

L]^  L2  Position  of  the  body  centre  of  gravity  relative  to 
the  front  and  rear  springs. 

y  Vertical  displacement  of  tlie  shot  centre  of  gravity. 

T  CoupLe  produced  by  the  effect  of  an  offset  centre  of 

gravity. 

Stiffness  coefficients  for  the  driving  bands 
M  Mass  of  the  shot  body 

I  Moment  of  inertia  of  the  shot  about  its  centre  of  gravity 

Damping  factors  for  the  driving  bands 
Shot-barrel  interaction 

Nj  Shear  force  on  barrel  node  j  due  to  a  driving  band 

Fj^l^  Force  frora  a  driving  band 

d  Distance  of  the  driving  band  from  a  barrel  node 
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1 ,  INTRODUCTION 

The  capabilities  of  modern  tank  ammunition  can  be  fully  realized 
only  when  the  rounds  are  delivered  accurately,  A  primary  source  of  error  is 
the  ability  of  the  fire  control  system,  including  the  gunner,  to  sense  and 
locate  the  target  then  to  lay  the  weapon  to  the  proper  orientation  to  insure 
ballistic  intercept.  However,  even  if  this  operation  is  performed  to 
perfection,  there  are  a  number  of  perturbations  which  influence  the  launch  and 
flight  of  the  projectile.  Some  involve  the  dynamics  of  the 
tank/gun  tube/projectile  during  inbore  acceleration  and  subsequent  separation. 
Others  are  dominated  by  the  projectile  aerodynamic  characteristics.  Also,  the 
inability  to  sense  and/or  correct  for  the  ambient  conditions  over  the 
trajectory  will  cause  disparity  between  the  desired  and  actual  points  of 
impact.  The  present  paper  will  address  some  sources  of  error  in  a 
representative  modern  tank,  mainly  considering  perturbations  following 
separation  of  the  projectile  from  the  launcher. 

An  illustration  of  some  of  the  problems  facing  the  analyst  of 
in-bore  dynamics  of  modern  projectiles  is  provided  in  Figure  1 .  The  weapon  is 
a  massive  guide  rail  for  the  projectile;  however,  under  the  extreme  loads  of 
launch,  the  gun  tube  begins  to  respond  while  the  shot  is  still  in  bore.  In 
order  to  force  a  consistent  .sense  to  this  response,  cannon  are  generally 
fabricated  with  mass  asymmetry.  The  tube  is  supported  and  constrained  by  the 
recoil  system  which  may  or  may  not  be  symmetric  in  design.  Under  gravity,  the 
tube  droop.?  producing  a  curvature  which  is  complicated  by  variations  in  bore 
straightness  induced  by  manufacturing,  installation,  use,  or  the  environment. 

Upon  firing  the  charge,  the  pressure  within  the  tube  builds  up  to 
thousands  of  bars  causing  both  the  projectile  and  gun  tube  to  accelerate. 
Each  of  these  moving  bodies  is  subject  to  a  gross  rigid  body  motion  upon  which 
is  superimposed  flexural  or  vibrational  modes.  The  linear  and  angular 
acceleration  of  the  gun  tube  induces  inertial  loads  which  contribute  to 
flexing.  In  addition,  the  motion  of  the  projectile  along  the  curved  path  of 
the  tube  results  in  transverse  reaction  loads  which  drive  the  gun  motion. 
Historically,  projectiles  are  assumed  to  undergo  rigid  body  balloting  motion 
as  lat.rral  clearances  are  taken  up  and  rebound  occurs.  With  long  rod  kinetic 
energy  ammunition,  this  response  is  supplemented  by  longitudinal  flexure  of 
the  sabot  and  of  the  projectile  relative  to  the  sabot. 

In  terms  of  accuracy,  the  critical  moment  of  the  in  bore  cycle  is 
the  separation  of  the  projectile  from  the  gun  tube  (Figure  1).  Anything  that 
influence.?  the  magnitude  or  direction  of  the  projectile  veloi^ity  vector  could 
result  in  significant  deviation  from  the  intended  trajectory.  If  the  launch 
proce.-^E  terminated  at  the  muzzle,  the  parameters  of  interest  would  be  the 
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transverse  velocity,  angle,  and  angular  rate  of  the  gun  tube  plus  the 
transverse  linear  and  angular  velocity  cf  the  projectile  relative  to  the  gun 
tube.  Uiifortur.ately ,  the  projoetilf  must  disengage  from  the  tube,  pass 
through  the  reverse  flow  I'egion  of  the  muzzle  blast,  and  then  discard  the 
sabot  components  before  entry  into  unconstrained  free  flight.  During  transit 
of  this  near'  muzzle  region,  the  trajectory  may  be  further  perturbed. 

Once  clear  of  the  blast  and  sabot  discard  regions,  the  projectile 
free  flight  motion  is  reasonably  wc-^ll  understood.  Assuming  that  the 
projectile  has  not  been  damaged  during  launch,  the  trajectory  can  be  well 
determined  if  the  initial  state  is  defined.  The  main  source  of  error 
associated  solely  with  the  free  flight  oi  the  round  can  be  ascribed  to  the 
inabilicy  of  the  fire  control  system  to  accurately  sense  and  provide 
appropriate  corrections  for  ambient  condition.^  over  the  flight  path. 

In  order  to  complement  the  papers  describing  the  contribution  of  gun 
and  projectile  in  bo.-e  dynamic.s  to  launch  coaditicns,  the  present  paper*  will 
discuss  the  environme'nt  seen  by  the  projectile  following  separation  from  the 
gun  tube.  Huzrle  blast  loads  will  be  reviewed  for  weapons  with  and  without 
muzzle  brakes,  .liabot  discard  interactions  will  be  considered  and  related  back 
to  in  bore  properties.  Finally,  the  free  flight  motion  will  be  addressed. 


2.  MUZZLE  BLAST  LOADS 

When  problems  are  encountered  in  launching  rounds  from  cannon,  it  is 
a  common  practice  to  ascribe  the  difficulty  to  loads  encountered  in  the  muzzle 
blast.  In  defense  of  this  interesting  gasdynamic  phenomena,  it  must  be  made 
clear  that  care  is  required  in  diagnosing  the  origin  of  weapon  launch 
problems.  Muzzle  blast  may  be  the  source  of  disturbance  in  some  instances, 
particularly,  for  objects  which  are  bluff,  asymmetric,  or  of  low  density. 
However,  in  many  cases,  the  extreme  loads  characterizing  the  in-bore 
environment  are  the  real  source  of  difficulty. 

Once  free  of  the  gun  tube,  the  projectile  must  transit  the  muzzle 
exhaust  flow  which  consists  of  an  outer  air  blast  driven  by  the  expanding 
propellant  gas  plume  (Figure  2),  The  plume  has  the  structure  of  a  supersonic, 
underexpanded  jet  and  is  terminated  at  the  shock  layer  consisting  of  the  plume 
Mach  disc,  the  propellant  gas/alr  interface,  and  the  outer  shock  of  the  blast 
wave.  While  inside  the  Mach  disc,  the  projectile  is  s'ubject  to  the  plume  flow 
wherein  the  gas  velocity  reaches  values  2-3  times  that  of  the  projectile, 
i.e,,  the  projectile  is  in  reverse  flow.  Conventional  wisdom  dictates  that 
for  such  a  situation,  finned  projectiles  would  be  unstable,  but  since  the 
residence  time  within  the  plume  is  much  lower  than  the  inertial  response  times 
of  the  body,  stability  is  not  really  of  concern.  Rather,  it  is  the  transverse 
impulse  transmitted  to  the  projectile  that  influence.^  the  subsequent 
trajectory. 

The  calculated  variatlor.  [1]  of  the  lift  force,  L,  with  distance 
from  the  muzzle  is  illustrated  in  Figure  3  for  different  values  of  the  ratio 
of  the  projectile  exit  velocity  to  the  propellant  speed  of  sound  at  shot 
ejection,  Vp/c,  i.e.,  the  Mach  number  of  the  propellant  gas  prior  to  shc.t 
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exit,  f’or  values  of  the  parameter  equal  to  or  greater  than  one,  there  is  no 
in-bore  interaction  possible.  For  values  less  than  one,  the  in-bore 
interaction  occurs  and  may  be  important.  Outside  of  the  weapon,  the  behavior 
of  the  lift  function  is  of  interest.  The  relative  flow  velocity  Increases  as 
the  round  moves  thr’ough  the  plume  causing  the  lift  on  the  fins  to  increase. 
However,  this  increase  due  to  the  velocity,  is  offset  by  the  rapid  decrease  in 
density  of  the  propellant  gas  due  to  expansion.  Under  the  influence  of  these 
two  property  variations,  the  lift  function  peaks  a.''d  then  decays  to  negligible 
values  after  only  tv;o  exit  diameters  of  travel. 

Integration  of  the  lift  permits  the  computation  of  momentum 
tranferred  to  the  projectile  and  the  resultant  deflection  of  the  trajectory. 
The  estimated  trajectory  deflection  for  a  generic  kinetic  energy  projectile  is 
plotted  as  a  function  of  launch  velocity  in  Figure  4.  The  deflection  in  mils 
is  ratiocd  by  the  launch  angle  of  attack  of  the  projectile  in  degrees.  The 
lack  of  monotonicity  in  the  plot  is  due  to  the  assumed  muzzle  exit  conditions 
which  were  taken  from  a  variety  of  data  sources.  However,  the  result  is 
striking.  As  the  launoh  velocity  increases,  the  trajectory  deflection 
decreases  significantly.  For  a  typical  tank  round,  the  in-bore  yaw  angle 
should  be  quite  low.  Even  if  the  angle  were  as  large  as  0,5  deg,  the  jump 
induced  by  muzzle  blast  would  amount  to  only  0.05  mils. 

3.  MUZZLE  DEVICE  EFFECTS 

Vtueu  a  weapOii  is  equipped  with  a  nuzzle  device,  analysis  of  Ice  flow 
becomes  more  difficult.  A  common  device,  the  muzzle  brake,  reduces  gun  recoil 
by  venting  the  propellant  gas  rearward.  Tie  device  has  a  three-dimensional, 
confined  geometry  through  which  the  propellant  gases  expand  over  the 
projectile.  For  sabot  encapsulated  rounds,  the  installation  of  a  muzzle  brake 
on  the  gun  can  create  serious  problems.  First,  the  muzzle  brake  must  not 
interfere  with  the  sabot  discard.  Mechanical  contact  does  extreme  violence, 
both  to  the  brake  and  to  the  I’ound.  Another,  major  difficulty  can  be  the 
enhancement  of  muzzle  gasdynamic  loadings.  Since  muzzle  brakes  are  under 
consideration  for  installation  on  a  number  of  low  recoil  tank  gun  systems,  it 
is  of  practical  interest  to  consider  the  possible  interactions. 

Recently,  tests  were  conducted  on  a  meaium  caliber  cannon  with  and 
without  a  triple  baffle  muzzle  brake  in  place  [2].  When  the  brake  was 
installed,  the  dispersion  of  the  system  doubled.  To  determine  if  the  flexural 
characteristics  of  the  tube  were  altered,  a  mass  simulating  the  brake  was 
mounted  at  the  muzzle.  The  mas-  did  not  interfere  with  the  free  expansion  of 
the  muzzle  gases.  Firings  demonstrated  that  the  disper-sion  returned  to  the 
level  obtained  with  a  bare  tube  indicating  that  the  added  mass  was  not  the 
cause  of  the  problem.  A  further  investigation  'was  conducted  to  investigate 
the  influence  of  brake  length.  Successive  baffles  were  out  off  the  device. 
As  the  baffles  were  decreased  from  three  to  one,  the  dispersion  also 
decreased.  It  was  found  that  a  single  baffle  design  produced  no  measurable 
increase  in  dispersion  over  the  bare  muzzle  case.  Apparently,  enJianced 
gasdynamic  loads  as.sociatecl  with  the  confinement  and  length  of  the  brake  were 
altering  the  launch  dynamics  of  the  system. 
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Computations  of  the  gasdynamic  loads  on  the  projectile  as  it  passed 
through  the  brake,  predicted  a  growth  in  dispersion.  Since  dispersion 
doubled,  this  was  not  the  soli  effect.  A  series  of  orthogonal  flash 
radiographs  were  taken  of  the  sabot  discard  process  for  oases  with  and  without 
the  triple  baffle  brake  in  place.  These  data  show  that  the  presence  of  the 
brake  produced  a  change  in  the  sabot  discard  trajectory  which  was  not  treated 
in  the  computations.  Mechanical  contact  between  the  sabot  components  and 
projectile  occurred  over  a  longer  period  and  asymmetry  in  sabot  discard  was 
enhanced.  The  resultant  asymmetry  in  the  discard  increased  the  loading  upon 
the  projectile  and  degraded  precision.  The  tests  demonstrated  that  care  must 
be  taken  in  the  installation  of  muzzle  devices  upon  weapon  systems  which  are 
designed  for  precision  fire. 


H.  SABOT  DISCARD 

The  fact  that  sabot  discard  interactions  influence  the  trajectory  of 
fin  stabilized  projectiles  can  be  demonstrated  by  considering  measurements  of 
free  flight  yawing  motion  (Figure  5).  The  data  were  acquired  in  the  BRL 
Transonic  Range  on  a  typical  kinetic  energy  projectile.  The  plots  present  the 
angle  of  attack  versus  the  angle  of  sideslip  as  the  round  moves  through  the 
200  m  facility.  With  distance  downrange,  the  yaw  level  decreases;  therefore, 
the  maximum  yaw  occurs  near  the  weapon.  Two  olots  are  presented  representing 
a  case  with  low  and  high  sabot  discard  perturbations.  Figures  5a  and  5b, 
respectively.  The  nature  of  this  categorization  can  be  seen  if  one  considers 
the  coridiLiou  of  the  piOjeCtile  at  aepai'cttioii  fi'Oiu  the  gUii  tube. 

Within  the  bore,  the  projectile  is  constrained  by  clearances  to  yaw 
levels  on  the  order  of  0.1  deg;  although  the  angular  velocity  may  be 
appreciable.  If  a  statically  stable  projectile  enters  into  free  flight  with 
such  initial  dynamics  (i.e.  ,  near  zero  initial  yaw,  but  finite  yaw  rate)  the 
resulting  angular  motion  should  be  nearly  planar  yaw.  In  fact,  this  type  yaw 
is  well  represented  by  the  data  shown  in  Figure  5a.  This  plot  would  suggest 
that  sabot  discard  interactions  either  were  not  significant  or  are  consistent 
with  normal  free  flight  aerodynamic  loads. 

In  contra.st,  a  second  round  of  the  same  type  demonstrates  the  effect 
of  sabot  discard  interaction  (Figure  5b).  Here,  the  yawing  motion  is  not 
planar,  but  elliptical.  If  cne  were  to  postulate  initial  launch  dynamics  for 
this  round,  they  would  be  initial  yaw  of  roughly  ^  deg  and  a  finite  yaw 
velocity  orthogonal  to  yaw  angle.  Obviously,  the  projectile  did  not  have  a 
cleg  yaw  at  release  from  the  gun  tube;  nor  is  it  reasonable  to  assume  that 
disengagement  from  the  tube  forced  the  yaw  to  build  to  such  a  level.  Rather, 
the  sabot  discard  process  produced  perturbations  which  significantly  altered 
the  launch  dynamics  of  the  round. 

The  sabot  discard  perturbations  consist  of  both  mechanical  and 
aerodynamic  interactions.  At  the  muzzle  of  the  weapon,  the  sabot  components 
and  projectile  are  in  direct  mechanical  contact  due  to  the  constraints  imposed 
by  the  tube  and  the  various  bands  or  seals  of  the  sabot  assembly.  After 
clearing  the  tube,  elastic  decompression,  spin,  and  gasdynamic  loads  act  to 
break  these  bands  and  to  lift  the  sabot  away  from  the  projectile.  Depending 
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upon  the  design  of  the  sabot,  the  lift  process  maji  be  rapid  and  clean  or  may 
involve  pivoting  about  a  point  of  contact  on  the  projectile.  Alternatively, 
the  sabot  components  may  initially  break  contact  only  to  reimpinge  on  the 
projectile  at  a  later  stage  of  discard.  Asymmetry  in  the  contact  will 
generate  lateral  momentum  transfer  between  the  sabot  components  and  the 
projectile.  This  alters  both  the  projectile  trajectory  and  the  symmetry  of 
sabot  discard.  Geometric  asymmetry  in  the  sabot  discard  results  in 
aerodynamic  asymmetry  in  the  mutually  Interacting  flowfields  associated  with 
the  sabot  components  and  the  projectile. 

The  relative  magnitudes  of  in  bore  and  sabot  discard  perturbations 
have  been  estimated  using  data  acquired  from  x-ray  measurements  of  near  muzzle 
projectile  motion  [3,*l].  The  results  of  a  comparison  of  transverse  angular 
impulse  are  presented  in  Table  1 ,  below.  The  data  indicate  that  the  level  of 
impulse  due  to  sabot  discard  perturbations,  is  the  same  as  that  due  to  in  bore 
disturbances.  This  conclusion  is  supported  by  data  acquired  by  Biele  [5]  who 
measures  the  dynamics  of  a  120ram  gun  tube  and  the  subsequent  projectile 
trajectory.  He  finds  that  the  gun  muzzle  motion  accounts  for  roughly  one-half 
of  the  measured  trajectory  junip  angle.  The  remainder  is  associated  with 
disengagement  and  sabot  discard  dynamics. 

Table  1.  Comparison  of  Transverse  Angular  Impulse 


Round  No. 

In  Bore  Angular  Impulse 
(rad/s) 

Sabot  Discard  Angular  Impulse 
(rad/s) 

1 

6.37 

8.60 

2 

4.17 

10.26 

3 

3.03 

.21 

4 

3.58 

3.28 

5 

7.45 

1.82 

6 

1.71 

6.30 

7 

14.28 

5.88 

8 

1 .29 

9.04 

9 

5.97 

9.08 

Since  sabot  discard  can  significantly  alter  the  projectile 
trajectory,  it  is  of  interest  to  consider  the  origin  of  asymmetry  in  discard. 
Conceptually,  there  could  be  asymmetry  associated  with  the  failure  of  bands  or 
retaining  rings;  however,  this  behavior  is  difficult  to  measure  or  model. 
Alternatively,  the  asymmetry  could  be  directly  related  to  the  initial  state  of 
the  sabot  and  projectile  upon  disengagement  from  th  ;be.  During  travel 
within  the  gun,  the  projectile  moves  along  a  curved  palj  Jetermined  by  the 
tube  bore  profile  and  tube  dynamic  response.  In  addition,  the  projectile  and 
sabot  may  be  oscillating  both  relative  to  the  bore  and  to  each  other. 
Finally,  during  release  of  constraints  at  shot  exit,  transverse  loads  may  be 
imparted . 


Plostins  [4]  assumed  that  a  major  factor  influencing  the  sabot 
discard  interactions  was  the  in-bore  oscillation  of  the  projectile  relative  to 
the  sabot.  He  examined  the  magnitude  of  measured  sabot  perturbation  relative 
to  the  parameter  '■  '/  •.  .  For  small  values  of  this  ratio,  the  projectile  is 
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assumed  to  be  near  the  peak  of  its  in-bore  yaw.  Conversely^  large  values  of 
the  ratio  imply  the  projectile  is  being  launched  near  the  minimum  of  in  bore 
yaw.  The  correlation  indicates  that  sabot  discard  interactions  are  large  for 
small  values  of  .  This  would  correspond  to  a  condition  where  the 
projectile  angular  displacement  is  greatest  and,  presumably,  where  the 
differential  strain  in  the  sabot  components  is  appreciable.  The  minimum 
discard  interaction  is  measured  for  the  case  of  large  ,  which  should 
be  the  case  for  low  differential  strain  in  the  sabot  components. 

The  results  point  out  the  need  for  a  design  tradeoff.  To  reduce 
aerodynamic  jump,  the  launch  angular  rate  must  be  minimized;  however, 
Plostins'  correlation  suggests  that  as  the  rate  is  reduced  the  sabot  discard 
interaction  begins  to  build  up.  This  implies  that  there  could  be  an  optimal 
launch  condition  for  the  minimization  of  the  sum  of  the  sabot  discard 
interaction  and  aerodynamic  jump. 


5.  FREE  FLIGHT 

In  this  section,  consider-ation  is  given  to  the  influence  of  the  free 
flight  aerodynamics  upon  accuracy.  First,  aerodynamic  jump  will  be  discussed. 
Second,  the  manner  in  which  exterior  ballistics  is  implemented  in  the  fire 
control  solution  is  addressed. 


Aerodynamic  jump  is  the  deviation  of  the  trajectory  associated  with 
the  yawing  motion  of  the  projectile.  As  yaw  builds  up,  a  lift  is  produced 
which  results  in  lateral  acceleration  and  displacement  of  the  round.  Murphy 
[6]  integrates  the  equations  of  motion  to  produce  the  following  expression  for 
the  aerodynamic  jump: 

I  ''L 

0  [f.H-,] 


ITU’ 
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To  examine  the  importance  of  the  initial  angular  rate  and  angle  of  attack, 
consider  two  cases  representing  the  launch  conditions  (  f  a  fin-stabilized 
projectile : 

Case  1 ;  =  5  deg,  =0  rad/s 
Case  2:  =  0  deg,  =  14.5  rad/s 

To  give  yawing  motion  which  is  similar  in  magnitude  (but  not  in 
phase)  for  each  case,  the  fir.st  maximum  of  yaw  will  be  roughly  5  deg.  For 
Case  1,  the  projectile  is  assumed  to  be  launched  at  this  angle.  For  Case  2, 
the  projectile  is  launched  with  an  angular  rate  which  will  cause  the  yaw  to 
build  to  a  maximum  of  roughly  5  deg.  In  both  cases,  the  initial  velocity 
vector  is  assumed  tc  be  along  the  desir-ed  lay  angle. 

The  resulting  trajectory  for  each  case  was  computed  using  a 
six-degree-of-freedom  code  (Figure  7).  It  is  observed  that  the  jump  for 
Case  1  is  negligible;  however,  for  Case  2,  there  is  significant  trajectory 


IV-100 


SCHMIDT  AND  KOCHCNDERPCR 


deflection.  Since  this  case  is  more  nearly  that  of  typical  gun  launch,  the 
computations  indicate  that  the  yawing  motion  of  projectiles  must  be  considered 
as  an  important  source  of  deflection.  This  is  especially  true  for  yaw  levels 
which  are  greater  than  one  or  two  degrees.  For  comparison,  the  value  of 
aerodynamic  jump  predicted  by  the  above  equation  is  shown  on  the  plot.  The 
two  values  are  in  good  agreement.  It  is  interesting  to  note  that  trajectory 
deflc  'n  angle  is  sensitive  to  projectile  yaw  for  ranges  less  that  200  m. 
Beyond  this  distance,  the  jump  approaches  its  asymptotic  limit. 

The  second  free  flight  effect  to  be  considered  is  associated  with 
the  implementation  of  gun  lay.  The  fire  control  system,  inclusive  of  the  tank 
crew,  must  sense  the  ambient  conditions  and  correct  the  pointing  angle  of  the 
gun  to  provide  the  correct  trajectory.  If  the  ambient  conditions  are  not 
properly  sensed  or  input  to  the  fire  control  computer,  then  the  round  will 
deviate  from  the  desired  point  of  impact.  Since  the  flight  characteristics 
are  sensitive  to  the  projectile  design  and  launch  conditions,  two  typical  fin 
stabilized  tank  rounds  are  considered:  full  bore,  spike-nosed  and 
sub-caliber,  saboted  long  rod  shapes.  For  a  given  level  of  uncertainty  in 
ambient  conditions,  the  shift  in  vertical  target  impact  location  is  given  as  a 
function  of  range  in  Table  2. 

Table  2.  Shift  in  Vertical  Target  Impact  Location  (in  mils)  due  to 

Error  in  Fire  Control  Inputs  where  FB  =  full  bore  round  and 
SC  =  sub-caliber  round. 


1  0?  ej'i'Or  ill 

(  U/tJ 

ill 
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density 
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0  0 
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.036 
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.035 

1000 

.090  .005 

,020 
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.072 
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.2A5  .013 

.059 

.004 
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.035 

1  .003 

.107 

2000 

.560  .025 

.141 

.008 

.220 

.047 
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.146 
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1.11A  .040 

.286 

.013 

,321 

.060 

2.003 

.182 

3000 

2,184  .060 

.558 

,021 

.478 

.075 

2.718 

.226 

3500 

4.002  .084 

1.000 

.030 

.686 

.087 

3.490 

.268 

AOOO 

6.941  .116 

1.617 

.042 

1 .010 

.104 

4.545 

.310 

It  is  readily 

apparent 

that 

the  sensitivity 

to 

errors 

in  fire 

control 

inputs  is  significantly 

lower 

for  the  sub- 

caliber 

round  than 

it  is  for 

the  full 

-bore  round. 

In  addition, 

the  variation  with 

range 

is  highly 

non-linear.  To  gauge  the  importance  of  these  shifts  in  impact  location,  it  is 
necessary  to  consider  whether  the  estimation  errors  are  reasonable.  For 
example,  a  1 0/t  variation  in  air  temperature  is  about  30  deg  C  from  the  15  deg 
C  standard.  This  could  reasonably  result  from  a  seasonal  excursion  or  from  a 
day  to  night  change  in  a  high  desert  environment.  A  10?  change  in  air  density 
is  at  the  extreme  when  variations  are  considered  at  a  given  altitude; 
however,  if  the  weapon  is  moved  from  sea  level  to  1  km  altitude,  such  a 
density  change  is  possible,  A  10  m/s  variation  in  muzzle  velocity  has  been 
observed  in  tank  guns  even  with  a  correction  for  propellant  temperature  and 
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has  been  attributed  to  uncertainty  in  tube  wear  and  propellant  aging 
characteristics.  A  5  m/s  error  in  tne  estimation  of  crosswind  is  an  upper 
bound  on  this  property. 

Due  the  short  engagement  ranges  of  tank  cannon,  the  influence  of 
rotation  of  the  earth  on  the  trajectory  is  neglected.  The  magnitude  of  this 
effect  on  the  azimuthal  fall  of  shot  is  illustrated  in  Fig.  7 .  Even  at  3  km 
range  for  the  slower  round,  the  correction  is  relatively  small. 


The  algorithm  in  the  fire  control  system  used  to  aim  the  weapon  also 
influences  the  ability  of  the  gunner  to  successfully  engage  targets.  To 
compute  gun  lay  angles,  current  systems  use  either  a  polynomial  fitting  to 
standard  conditions  plus  corrections  (unit  effects)  or  solve  two-dimensional 
equations  of  motion  (with  a  closed  form  add-on  equation  for  the  cross  plane). 
As  long  as  computer  memory  space  permits  and  the  conditions  are  not  widely 
different  from  standard,  both  solution  methods  yield  comparable  results. 
However,  if  there  is  a  reasonably  large  divergence  from  standard  such  as  a  15% 
density  decrease  coupled  with  a  10  m/s  cross  wind  at  an  engagement  range  of 
2000  meters  when  firing  a  full  caliber  finner,  the  interaction  of  density  and 
wind,  if  uncompensated,  would  introduce  an  error  of  about  one  mil  In  the  cross 
plane.  Fire  control  algorithms  which  utilize  polynomial  fits  for  nonstandard 
conditions  could  suffer  from  the  nonlinearity  of  the  corrections  but  this 
shortcoming  is  minor  and,  generally,  may  be  ignored.  It  should  be  pointed  out 
that  the  fire  control  system  attempts  to  compensate  for  the  nonstandard 

Table  2;  however,  there  is  error  in  measuring  each  of 
ill  influence  the  fall  of  shot.  The  perturbations 
air  density,  can  be  properly  accounted  for  if  the 
correct  value  is  input  to  the  fire  control.  Unfortunately,  the  default  values 
are  often  used  in  the  solution  of  the  aiming  data  because  better  data  are 
unavailable  or  because  the  importance  of  these  quantities  is  not  recognized. 


effects  addressed  in 


listed,  such  as  10%  in 


6.  SUMMARY 

The  influence  of  perturbations  to  a  projectile  trajectory  following 
separation  from  the  gun  tube  is  examined.  Muzzle  blast,  sabot  discard,  and 
free  flight  effects  are  considered.  Muzzle  blast  has  a  minimal  influence. 
Sabot  discard  can  cause  changes  in  the  trajectory  similar  to  those  due  to 
transverse  loads  within  the  gun  tube.  Generally,  free  flight  loads  are  well 
understood;  however,  uncertainty  in  ambient  conditions  can  generate  errors  in 
the  lay  of  the  weapon  which  can  be  significant  in  some  cases. 
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Figure  6b.  Measured  Yawing  Motion  for  'Large  L)i5;turbance"  Launch 
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Figure  6.  Correlation  of  Sabot  Discard  Ui^turbanco  with  Launch  State 
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Figure  8.  Ai^iinuthal  Deflection  Due  to  Rotation  of  the  Earth  for  3  km  Range 
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ABSTRACT: 

Coinpucer  graphics  is  rapidly  developing  as  an  engineering  design  and 
n,ia lysis  tool^  The  advene  of  interactive  coinjratlng  and  array  processing  on 
mi  n i coinpute r s  has  made  it  possible  to  interface  both  experimental  data  and 
comnputer  simulation  with  graphic  displays  to  facilitate  analysis.  The  use  of 
color  as  a  monitor  of  stress  level  or  thermal  effects,  for  example,  provides 
an  enhanced  capability  for  the  recognition  and  understanding  of  ballistic 
f)iie.iomena  . 


This  paper  describes  a  computer  code  which  provides  three-dimensional 
color  output  to  display  the  dynamic  motion  of  a  gen  tube.  Using  a  description 
of  the  tube  from  a  database  and  the  centerline  of  the  tube  at  rest,  the  static 
tube  is  displayed  in  both  two  and  three  dimensions.  Data  for  the  centerline, 
obtained  from  either  a  gun  dynamics  modeling  program  or  experimental  data,  are 
used  to  calculate  the  gun  tube  display  coordinates  at  a  given  time. 
Successive  frames  can  be  generated  at  appropriate  time  Intervals  to  be  used  to 
malce  a  film  of  the  tube  motion, 
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Abardoen  Proving  Ground,  MD  21005-5066 


1  •  Introducr ion 


Graphical  representat ion  of  data  is  an  old,  widely  used  analysis  tool. 
Computer  algorithms  to  automatically  generate  'X-Y'  plots  were  developed 
quickly  by  the  industry.  The  advent  of  the  low-cost  graphic  terminal  and 
development  of  mini-  and  micro-  computers  led  to  a  tremendous  growth  in  the 
graphics  field  during  the  early  seventies.  Graphics,  suddenly  available  at  a 
reasonable  cost,  captured  the  interest  of  many  users  from  a  host  of  disci¬ 
plines.  Almost  instantaneously ,  computer  graphics  were  being  used  to  display 
Lhreu-dimensional  objects  in  'compucer  arc',  movies,  and  vendors'  promotional 
material.  F,ven  the  change  in  language  from  'plotting  routines'  to  'computer 
graphics'  reflects  technological  advances  which  allow  us  to  make  artistic  use 
of  color  to  show  density,  stress,  temperature,  texture,  etc. 


A  survey  of  commercially  available  software  was  made  before  this  project 
was  iinUercaken  in  earnest.  The  leading  contender,  PATRAN ,  has  a  fantastic  post 
processor  for  display  of  tfiree-dimensional  objects;  the  graplilcs  modeling 
capability  includes  surface  smoothing  and  highlighting  which  produce  almost 
photographic  <iuality  results.  Unfortunately  the-  company 
not  plan  to  market  a  version  which  will  run  on  any  of 
computer  systems:  an  HPlOOO-F  minicomputer,  an  HP9836C 
PE3252  minicomputer  with  a  fEGATEK  7200  graphics  engine, 
time  to  learn  that  buying  software  designed  for  our 
combi.'iat ions  was  next  to  Impossible. 


which  sells  it  does 
our  three  candidate 
microcomputer,  or  a 
It  took  very  little 
particular  hardware 


Since  the  ultimate  goal  of  this  project  is  to  make  a  movie  of  the  tube 
motion,  it  was  decided  to  conceuti'ate  development  efforts  using  the  Perkin— 
Elmer  minicomputer,  the  MEGATEK,  and  a  MATRIX  camera.  DlSSl’LA,  version  9,  has 
been  Installed  on  the  PE  and  Is  the  current  graphics  package  being  used.  It 
has  the  advantage  of  familiarity  slace  It  is  also  installed  on  tlie  mainslte 
CYBER  173  and  CYBER  825  computers.  The  3-D  graphics  available  with  DISSPLA 
caiinot  be  used  for  this  application  since  DISSPLA  expects  a  si.igie-valued 
function  to  describe  in  x  and  y  the  surface. 
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The  cbjcct  of  this  paper  Is  to  present  a  simple,  direct  method  for 

showing  gun  tube  motion  as  predicted  by  a  gun  modeling  code.  Tlie  prograra  has 

been  written  so  that  the  user  can  generate  the  graphics  picture  using  familiar 
two-dimensional  plotting  routines.  Further,  the  program  has  been  designed  so 
that  only  one  subroutine  needs  to  be  re-written  when  the  code  is  'ported'  to 
other  computers.  With  very  little  effort,  the  graphics  subroutine  has  been 
converted  to  run  on  the  HP  1000— F  and  the  CYBER  825. 

2 .  Graphic  Concepts 

The  assumption  has  been  made  that  gun  modeling  codes  can  produce 

centerline  coordinates  (x,y)  for  each  node  at  a  given  time  t  and/or  three- 

dimensional  Information  which  gives  the  centerline  coordinates  (x,y,z)  and  the 
rotation  of  point  on  the  surface  about  each  axis  for  each  node  at  a  given 

time  r.  The  radius  of  the  tube  at  each  node  is  obtained  from  a  database  of 

gun  tube  descriptions.  Surface  coordinates  are  calculated  at  25  points  around 
the  circumference  of  the  tube  at  each  node  and  stored  in  a  three-dimensional 
matrix  by  node  number,  clrcuference  point  number,  and  axis  coordinate.  This 
tube  matrix  Is  similar  to  a  finite  element  mesh  and  can  be  used  to  display  a 
'stick  figure'  representation  of  the  tube. 

In  order  to  use  the  hardware  polygon  fill  or  software  routines  of  a 
graphics  package  like  DISSPLA,  the  data  needs  to  be  presented  In  a  form  so 
that  consecutive  vertices  of  a  polygon  are  defined,  A  plotting  matrix  is 
computed  using  the  Information  in  the  gun  tube  matrix  just  calculated.  The 

surface  coordlnatas  are  arranged  so  that  each  group  of  five  describes  a 

polygon  where  the  fifth  vertex  is  identical  to  tue  first  and  is  used  to  close 
the  polygon.  The  plotting  matrix  will  become  much  larger  than  the  tube  matrix. 

All  that  remains  now  is  to  transform  this  three-dimensional  data  into 
information  which  can  be  used  for  a  two-dimensional  display  medium.  At  Che 
present  time,  a  4  x  4  transformation  matrix  is  calculated  which  performs  an 
isometric  projection  of  the  plotting  data  and  then  projects  it  onto  the  z=0 
plana.  Every  polygon  is  displayed  and  filled,  including  polygons  which  are 
not  visible  in  the  picture.  This  takes  a  lot  of  time,  but  does  not  alter  the 
final  view.  In  order  to  give  the  three-dimensional  sense,  the  centerline  of 
the  tube  as  well  as  tlie  surface  circumference  points  at  each  node  are  drawn. 
A  picture  is  taken  of  the  tube  at  its  initial  position. 

To  calculate  the  plotting  matrix  for  the  next  time  step,  it  is  necessary 
to  perform  the  required  translation  of  the  centerline  coordinates  and  the 
corresponding  rotations  at  each  node .  This  is  done  using  the  tube  matrix  and 
the  ijlotting  matrix  is  then  defined  again. 

It  is  obvious  that  a  hidden  line  or  hidden  surface  loutlne  must  he  added 
to  this  program  in  order  to  speed  up  the-  actual  display  of  data  on  tlie 
graphics  terminal.  Since  a  gun  tube  is  a  senes  of  convex  volumes,  the 
Roberts  hidden  line  algorithm  (reference  1)  can  be  used  to  compute  hidden 
lines.  New  endpoints  are  computed  for  partially  visible  lines  and  can  replace 
the  corresponding  hidden  vertices;  thus  a  new  polygon  describing  the  visible 
portion  of  the  original  polygon  is  obtained.  Totally  invisible  polygons, 
defined  by  the  hidden  vertices  of  their  hidden  edges,  are  not  plotted. 
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Visibility,  that  Is  to  plot  or  not  to  plot,  is  indicated  by  putting  a  one  or 
zero  in  the  fourth  column  of  the  plotting  matrix.  Even  though  the  routine  is 
CEU  Intensive,  this  should  greatly  reduce  the  plotting  time  for  each  frame. 
It  must  he  emphasized  that  this  addition  will  save  time;  it  will  not  change 
Che  picture  at  each  time  step. 

3 .  Program  Details 

The  program  reads  input  from  units  5,  10,  and  11.  Unit  5  is  usually  the 
default  input  unit  in  FORTRAN  and  associated  v'ith  the  terminal  in  an  interac¬ 
tive  mode.  Units  10  and  11  are  attached  to  data  files  DTUBE  and  CTUBE.  Each 
input  required  is  described  below. 

The  user  is  jn'ompted  for  an  enlargement  factor  (EF)  and  the  desired  tube 
name  (RNAME).  Response  is  expected  on  unit  5.  The  y  coordinate  of  the 
centerline  (and  eventually  the  rotations)  are  multiplied  by  EF  so  that  the 
movement  will  be  noticeable  to  the  user.  RNAME  is  used  to  pick  the  correct 
tube  description  data  from  the  file  DTUBE. 

The  database  of  tube  descriptions  is  created  by  the  user  from  the 
engineering  drawings  and  recorded  in  the  file  DTUBE.  This  input  file  is 
attached  to  unit  10.  Each  tube  is  described  in  the  following  manner: 


Line  1:  (A20,I5) 

DNAME  =  Name  of  gun  tube,  l.e.  I05mm  -  168 
NbEC  =  Number  of  sect  ions  in  Lube 


Lina  2:  ( 12 , IX , A1 ,  IX ,4 FIO ,4)  -  repeated  NSEC  times 

tSEC  =  Section  number 
TfPE  =  Cross-section  description 
R  ->  rectangular 
T  ->  trapezoidal 
U  ->  discontinuous 

XB  =  X  coordinate  at  beginning  of  section 

YB  =  y  coordinate  at  beginning  of  section 

XE  =  X  coordinate  at  end  of  section 

YE  y  coordinate  at  end  of  section 


Figure  1  shows  the  diagram  of  the  lOSmm  gun  tube  and  Table  1  shows  the  data  as 
entered  in  the  file  Ul’UBE. 
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Figure  1.  Illustration  of  the  lOSmm  -  168  Gun  Tube. 


V-4 


_  'X  J  ”  »  - 


■I  »  <  T  H.' 


.  ..'^  ."V  '  ^  '.  • 


ZT  MMERmN 


The 

inode  ling  program 


Table  1  . 

Example  of 

data  as 

entered  in 

file  DTUBE 

1 05nnn 

-  M68 

6 

1  R 

0  .0000 

8.9000 

22  .5000 

8  .9000 

2  R 

2.2  .5000 

8  .9000 

59  .5000 

8  .9000 

3  T 

59  .0000 

8  .9000 

103  .2500 

7  .0100 

4  T 

10.3  .2500 

7  .0100 

126  .8500 

6  .2500 

5  T 

126  .8500 

6.2500 

202  .4375 

6  .0500 

6  D 

202  .4375 

6  .0500 

210.5000 

6  .0500 

file  CrUBE, 

which  is 

attached 

to  unit  11 

,  is  creat 

It  must  contain  the  following  information; 


Line  1:  OlODES  (6X,I5)  =  Number  of  nodes  chosen  (does  not  change 

during  the  run) 

Line  2:  TIME  (6X,E17,10)  =  time  at  each  step 

Line  3:  (6E12.7)  ->  to  be  used  for  a  3-D  modeling  program 
C(.T,1)  =  X  coordinate  on  centerline 
C(.J,2)  =  y  coordinate  on  centerline 
C(J,3)  =  z  coordinate  on  centerline 
K(J,i)  =  rotation  of  point  on  surface  about  x  axis 

R(d,2)  =  rotation  of  point  on  surface  about  y  axis 

R(J,3)  =  rotation  of  point  on  surface  about  z  axis 

where  .i  =  nodal  point  number  <  20  and  this  line 
is  repeated  for  each  nodal  point. 

Data  at  subsequent  time  steps  repeat  line  2  once  and  line  3  CNODES  number 
of  times.  Line  I  is  never  repeated.  Table  2  shows  the  data  generated  by  the 
Bores!  modeling  program  (reference  2)  for  the  lOSiran  at  time  zero.  This  is  a 
2-D  program  and  the  format  of  line  3  is  (1 1X,2E18 .10)  since  only  the  x  and  y 
coordinates  of  the  centerline  are  provided. 

Table  2.  Example  of  data  as  expected  in  file  CTUBE  from  the  Boresi  model. 


8  CNODES 

.OOOOOQOOOOE  00  INIT 

1  .OOOOOOOOOOE+02 

2  .2 2 30000000 E+02 

3  .4090000000E+02 

4  .59 50000000 E+02 

5  .1032500000E+03 

6  .1268500000E+03 

7  .2024375000E+03 

8  .2105000000E+03 


lAL  QJNDITIONS 
.3167988028E-04 
.27U650263E-G3 
-.12y0901859E-03 
-.1519039589E-02 
-.8859127947E-02 
-.1497079945L-01 
-.4300180835E-01 
-.4623445425E-01 


I 


The  program  uses  the  gun  tube  description  data  to  find  the  radius  at  eacii 
of  the  centerline  nodal  points.  It  has  been  assumed  tliat  tlie  modeling  program 
will,  include  the  e.id  [joints  of  each  tube  section  in  the  nodal  point  set.  The 
program  will  create  two  points  at  the  beginning  of  each,  discontinuous  section. 
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Table  3  shows  the  plotting  nodes  which  liave  been  determiocd  from  the  tube 
description  data  and  the  gun  inod.’l  data.  Note  that  the  y  co(jrdinates  have 
been  imiltlplied  by  the  enlargement  factor  KF-iOOO. 

Table  3.  Plotting  nodes  determined  from  DTUBE  and  CTUBb  input. 

Plott  ing, 


Nod<.' 

X 

y 

z 

1 

0  .00000 

0.03168 

0 .00000 

2 

22  .50000 

0.27317 

0  .00000 

3 

40  .89999 

-0.12809 

0  .00000 

4 

59  .50000 

-1 .51904 

0  .00000 

3 

103  .25000 

-8.85913 

0  .00000 

6 

128  .85000 

-14  .97080 

0  .00000 

7 

202  .4  3  750 

-43.00182 

0  .00000 

8 

202  .437  50 

-43.00182 

0  .00000 

9 

2i0  .50000 

-46.23455 

0  .00000 

Th  (y,z)  coordinates  on  the  surface  of  the  tube  at  each  node  x  are 
calculated  in  subroutine  CIRCl.K.  This  subroutine  uses  a  parametric  equatio.i 
of  a  circle  so  that  the  coordinates  are  evenly  spaced  around  the  circumference 
of  the  circle  rather  than  evenly  spaced  on  the  y-axls.  The  results  are  stored 
in  the  tube  matrix  G(KJ,KC, 1)  where  KJ  is  the  node  number,  KC  is  the  number  of 
the  circumference  point  on  the  surface,  and  I  Indicates  the  x,  y,  or  z 
cnordinate.  The  first  and  last:  points  are  icientic.al  in  order  to  close  Lite 
c  irclo . 

The  plotting  .array  ZP(N,3)  is  created  from  the  tube  matrix  G(KJ,KC,3). 
As  stated  above,  the  surface  coordinates  are  arranged  in  groups  of  five  to 
describe  the  polygons  which  approximate  the  surface  of  tb.e  tube.  The  size  of 
\  is  determined  by 

5  X  (>t  pLs  on  circl.-'  -1)  x  (//  plotting  nodes  -1). 

Assuming  that  19  nodes  are  specified  by  tlie  gun  modeling  program  and  that 
there  is  just  one  di sco.it inuons  section,  then  the  number  of  plotting  nodes  is 
20.  Tlie  jirogram  .ilways  calculates  23  points  on  the  circle.  Therefore,  in 
tin's  case,  N  =  5  x  24  x  19  =  2280  and  8840  words  are  required  to  store  the 
entire  plotting  array.  Tt  is  obviotis  tb.at  tlie  size  o£  N  grows  quickly  and 
that,  care  must  he  exorcised  to  keep  the  arrays  within  the  memory  limits  of  the 
computer  h.iing  used.  The  current  limit  for  N  is  2500. 

.Subroutine  GKAl'f!30  is  the  driver  roucl.ne  for  calculating  the  homogeneous 
coordinates  which  will  bo  di.spJayed  on  a  two-d  imens  innal  medium.  It  expects 
dat.i  i.i  an  N  x  4  plotting  m.itrix  where  the  first  three  columns  define  the  x, 
V,  a. 1(1  z  coordinates  and  the  fourth  colum.n  indicates  if  the  point  is  to  be 
jil.itted.  Tlie  subroutine  ciLl  is 

ShBROllTlNK  GRAI>H3l)(  7y  ,  I  R  ,T9  ,  Zli ,  INITL) 
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where  ZP 
IR 
T9 
zi; 

INITL 


input  data  matrix 
number  of  rows  in  ZP 

''■x4  transf ormation  matrix  from  subroutine  TkANS 
homogeneous  coordinate  matrix 

0. 


Normally,  options  can  be  selected  to  describe  the  type  and  order  of  transfor¬ 
mations  to  be  made  to  the  data.  For  this  application,  an  isometric  projection 
of  the  data  onto  the  2=0  plane  has  been  preset.  In  general,  the  transformation 
matrices  T(4,4)  are  calculated  and  concatenated  in  the  order  specified  by  the 
user.  The  options  supplied  by  GRAPH3D  are  used  in  subroutine  TRANS  to  select 
successive  4x4  matrix  multiplications  until  the  final  transformation  matrix 
IS  calculated.  These  multiplications  are  done  first  in  order  to  avoid  succes¬ 
sive  marrix  multiplications  witli  the  much  larger  plotting  matrix.  It  is 
important  that  the  options  specify  file  transformations  in  the  correct  order. 
The  last  transformation  matrix  for  a  given  set  of  options 

[Tj  =  [T^]  X  [T,]  X  ...  x[T^] 

is  used  in  GRAPH3D  to  calculate  the  transf ormeri  data; 


[  ZP 


Nx4  ^  ^'’’Ux4  " 


[ZTj 


Nx4- 


All  transformations  assume  a  right-handed  coordinate  system;  the  user  is 
rasponsible  for  making  any  adjustments  for  left-handed  coordinate  systems. 


The  homogeneous  coordinates  are  determined  by  dividing  the  elements  of 
each  row  by  the  fourth  element  of  that  row: 


ZH( IROW, ICOL)  =  ZT( IROW, ICOL)/ZT( IROW, 4) 
Where  ICOL  =1  to  4. 


Thus,  all  fourth  column  elements  now  equal  one.  Since  the  transf ormation 
usually  includes  a  projection  onto  tJie  z  =  0  plane,  the  homogeneous  coordinate 
matrix  iZHl  contains  the  two-dimensional  representation  of  the  rhree- 
dimensioiial  data  in  the  form  [x  y  0  1]. 

Detailed  descriptions  of  the  mathematics  used  for  the  translation, 
rotation,  and  projection  matrices  used  in  subroutine  GRAPH3D  and  TRANS  can  be 
found  in  reference  3.  This  is  an  excellent  text  for  mathematical  techniques 
required  to  develop  computer  graphic  algorithms. 

Now,  since  the  fourth  column  information  has  been  preserved  in  the  array 

ZP(N,4),  it  can  be  inserted  in  the  fourtli  column  of  the  homogeneous  array 

Zil.  iinally,  the  data  is  ready  to  be  displayed  on  whatever  medium  chosen. 
This  data  can  bo  passed  to  a  subroutine  tor  actual  plotting  or  written  to  an 
outiiut  file  to  be  plotted  later.  ESecause  of  the  amourit  of  computation 

required,  this  program  writes  to  file  UGKPGP  on  unit  12.  This  decision  has 

given  the  flexibility  to  try  tlie  graphics  using  different  graphics  packages  on 
other  computers  without  worrying  about  user  program  space  or  memory  size. 
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If  thti  user  wants  to  remove  liidden  lines,  tliis  must  be  done  before  ttie 
data  is  projected  onto  the  z=0  {ilane  and  after  all  other  transformations  are 
calculated.  An  option  is  availalile  to  do  just  that  in  GKAPH3D.  Subroutine 
ROBERT  is  tile  implementcation  of  a  hidden  line  algorithm  [reference  1] 
developed  by  L.G.  Roberts  at  M.I.T.  in  1963.  This  algoritlnn  looks  to  see  if 
an  edge  or  line  is  hidden  from  view  by  any  object  in  the  scene.  Each  volume 
or  object  must  be  convex,  in  itself;  tlie  total  scene  need  not  be.  Each  object 
is  de.scribed  in  several  ways: 


1 .  By  a  volume  matrix  composed  of  the  plane  equations 
for  each  plane  -ii  the  object, 

2.  By  a  corner  tiiatrix  whicli  gives  the  x,  y,  and  z 
coordinates  of  each  vertex,  and 

3.  By  a  plane/vertex  matrix  which  contains  the  vertex 
numbers  describing  cacti  plane. 


The  general  equation  tor  <i  pl<ine 


AjX  +  B^y  4-  CjX  +  Dj  =  0 


provides  the  coefficients  tor  each  column  of  tlie  volume  matrix 


[VI  = 


A. 

3 

^3 

"j 

^J41 

where  j  counts  the  planes.  Using  Lfie  plotting  matrix,  whicti  is  conveniently 
ordered  by  vertices  defining  eacti  plane,  tills  volume  matrix  is  determined  in 
subroutine  VOLMAT.  Ihree  vortices  on  each  piano  are  used  to  calculate  the 
plane  equation  ccefficients  A,  B,  and  C;  coefficient  D  is  set  to  one.  The 
following  is  applied 


-1 


'x,  Y,  i; 

-1 

X.,  Y.,  2^ 

-t 

B 

2  2  2 

_"3  ^3  \ 

-1 

_ 

C 

to  eacti  of  tile  j  planes  describing  tJie  object.  Sinc.'e  an  arbitrary  25  points 
were  chosen  tor  the  circumference  points,  there  are  24  planes  around  ttie  tube 
and  one  at  each  end;  tiierefore  the  volume  matrix  is  4  x  26.  The  volume  matrix 
must  be  adjusted  so  ttiai  the  dot  product  of  the  position  vector  of  a  point 
insfile  ttie  volume  .-ikI  die  volume  matrix  yields  a  positive  result.  The  [loint  s 
IS  found  by  taking  ttui  average  tor  eacti  X,  Y,  and  Z: 
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X  =  (Xj  +  X2  +  ...  +  Xj)/j 


y  =  (Yj  + 

^2 

+ 

vp/J 

z  =  (Zj  + 

^2 

+ 

Z,)/J 

and  i  t  s 

position  vector  s  = 

[x 

y  2  1]  . 

If  s 

[V]  <  0,  then  tin'  corresponding, 

colmi.ii  o!  Clio  volumn  matrix  is  niultlplled  by  -1. 

The  coraor  matrix  is  calculated  la  subroutine  OORMAT.  This  matrix  is 
simply  a  reordered  subset  of  the  vertices  contal.-ied  lu  the  plotting  matrix. 

The  plaae/vertex  matrix  is  determined  in  subroutine  PVMAT.  This  is 
another  bookkeeping  type  routine  which  orders  the  vertex  numbers  of  each  plane 
counterclockwise.  The  'sides'  of  each  object,  which  Is  the  section  of  the  gun 
tube  between  each  node,  are  planes  with  24  vertices. 

As  previously  stated,  the  transformations  required  are  concatenated  up  to 
the  point  of  projection  onto  the  z=0  plane.  The  inverse  of  the  transformation 
matrix  [T]  is  stored  in  matrix  [19]  .  The  volume  matrix  is  pre-mulciplied  by 
the  inverse  transformation  matrix  to  give  the  volume  matrix  in  the  transformed 
space  : 

[T]"^  =  tT9] 

[T9]  [V]  =  [VT]  . 

The  corner  matrix  is  transformed  by  post-multiplying  it  by  the  transformation 
matrix: 

[Oi]  [Tj  =  [CT  ]  . 

b'slng  the  plane/vertex  matrix,  an  edge  matrix  is  computed  which  gives  the 
two  vertices  describing  the  edge,  the  two  planes  which  intersect  at  the  edge, 
and  ;i  flag  indicating  visibility  of  the  edge.  Initially,  the  flag  is  set  to 
one  to  indicate  visibility. 

The  dete rniinatlon  of  tiidden  planes  is  made  in  subroutine  HIDEl  .  Th.o 
transformed  volume  matrix  is  pre-multlplled  by  the  eye  point  vector 

G  =  [0  0  1  0] 


to  yield  a  vector 


G  [VT]  =  PP. 

If  each  component  of  the  resuJttng  vector.  PP,  is  positive,  then  the  pianos 
are  not  seen.  The  edges  formed  by  the  Intersection  of  these  planes  are  also 
invisible.  The  flag  for  that  edge  is  then  set  to  zero  la  the  edge  matrix  for 
the  volume  being  tested. 

Testing  for  visible  and  no.i-vlslblo  lines  begins  in  subroutine  ilII)E2.  A 
quick  test  for  complete  visibility  Is  done  first.  Given  the  two  endpoints  s 
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a;nl  of  aa  odge,  the  liae  bccweea  thorn  is  vislblt'  is  both  endpoints  are 

visilile.  The  following  veetors  are  calculated: 


d  -  P2  -  s 
Pj  =  s  [VT] 
qj  =  d  [VT] 

Wj  =  G  [VT]  . 

If,  for  any  j,  the  two  conditions 


1  . 

2  . 


Pj  4  0 

P 

+ 

.a 

t _ 

<  0  and 

where  G 

o 

o 

li 

are  satisfied,  then  the  line  is  visible.  If  the  edge  is  visible,  its  flag  in 
the  edge  matrix  remains  set  to  one  and  the  next  edge  is  processed.  If  the 
edge  is  not  visible,  the  flag  is  sec  to  two  and  further  testing  is  done. 


At  this  point,  use  is  made  of  a  parametric  representation  of  s  line  to 
determine  its  visibility.  Given 


T(t)  =  Pj  +  where  0  <  t  >;  1  (1) 

V  =  s  +-  dt 

where  0  <t  <1 ,  a  >  1  , 

s  =  Pj  ,  and  d  -•  P^-Pj 

Q(a,t)=u=s+dt+  a  G 


Substi tut  Lng , 


u  [VT]  =  s  [VT]  td  [VT]  +  a  G[VT] 

u  [VT]  =  Pj  +  '^‘Ij  +  o  w.  (2) 

K'juation  (2)  yields  a  sot  of  j  linear  equations  to  be  solved  for  a  and  t. 
I'nch  pair  of  equations  is  solved  in  KlDbl.  If  there  Is  a  solution  for  the 
given  pair  of  equations  subroul  ine  TI.iMIT  is  called  to  determine  if  t  is  a 
minimum  or  a  maxlnum .  This  subroutine  determines  the  MAX(  t  .  )  and  MIN(t,„^,J 

ill  Li  I  ind\ 

f(jr  the  entire  set  of  solutions  to  equation  (2).  The  portion  of  the  line 
which  is  visible  is  give.:  for  the  region  of  t 


t  <  t; 


min 


and 


*'max 


and  the  Invisible  porLio.i  for  values  c)l  t 


^nin 


4  t 


nax. 
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\  Thf  ondpulaL.s  are  oaleiilat  ml  iisi.i;'  t  =  •^mln  *-  ~  ix  subs  I;  1 1  liL  l.ig  Llie 

Voluos  ia  equaCiLon  (1),  The  i)F  a.id  aru  usod  to  doteriiilnu  tho 

number  of  visible-  si’.K'-^'-'*'>rs  fri.iin  each.  od^'o .  liivisiblo  sof.meats  are 

(i  Isca  idt-d .  Visible  se^unoii  t.s  from  e.i-eli  edjte  aro  stored  in  .i  temporary  array 

and  are  tested  ag.iiast  any  remat.iiiijT  volumes  before  proceed  i  ap,  to  tiio  next 
edef. .  Tliose  sef^ments  which  are  found  to  bi!  totally  visible  are  stored  in  a 
iiae  matrix  ia  subtouCiae  IUDb2 . 

/.iter  all  the  edf'es  ar-;  cnocled  agaiast  all  the  volumes,  except  its  own, 
Lite  line  sepmerits  from  the  lino  Diatrix  aad  any  edges  which  wi“re  fitu.ul  to  be 
ti)ta!ly  visible  after  tlii>  ncIcK  cliock  are  put  into  an  arr-iy  for  plotting. 
Projoction  onto  t'.'.e  z-O  plane  f.r  iloi.  just  prior  to  writin;;  the  pLotting, 
array  . 

4 .  Conclusions 

Altliougb,  calculations  have  not  been  done  wicli  as  small  a  time  stop  as 
will  bo  iiocessiii'y  to  produce  enough  frames  for  a  movie,  the  method  has  been 
demonstrated ,  Tho  hidilen  ilne  algor  Ltiim  lets  not  been  applied  to  this  specific 
problem,  hat  it  has  been  tested  fi.>r  a  scene  composed  of  three  rectangular 
paral  lo  ipipods .  The  routine  will  ha.ve  to  be  modified  to  htindle  the  24-sided 
planes  of  encli  tube  section. 

Only  the  Koresi  gun  model  has  heoa  usi.-d  for  input  so  far.  Thus  there  has 
heoii  no  test  of  tlie  rotations;  again,  tite  subt:r;ut i no  Involved  has  been  used  to 
calculate  rotations  of  other  obiects  aad  its  results  have  been  ennf  i  rmeii  , 

Simple  ervbia.iceir.ents  a''e  planned  lila'  usin.-.-  ,)  contrasting  colored  stripe 
on  the  surface  of  tlie  tube  to  show  twist  and  a  luarker  of  some  sort  to  show  the 
position  ot  the  pr>)Jectlle,  Eventual Iv ,  tlie  motion  of  th.e  project.ile  will 
also  be  displayed.  In  this  case,  the  Invisilile  section  of  the  tube  will  he 
drawn  with  tlie  visible  pert  ion  ot  tho  projectile.  Highlighting,  shading,  and 
surface  smoothing  arc  ditsirabie  hut  ,;i)L  plannci'  for  the  near  future. 
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ABSTRACT: 

A  study  of  the  projectile-gun  tube  interactions  using  a  two  point  force 
technique  was  presented  at  the  Third  US  Army  Symposium  on  Gun  Dynamics.  It 
showed  that  the  large  coirtpu ta  t ion -experiment.- 1  discrepancy  of  one  to  two 
orders  of  magnitude  for  vibrations  in  the  M68  gun  Cube  could  be  eliminated. 

T'n  is  paper  presents  the  work  related  to  the  two  point  force  formulstioii  of 
the  general  case  of  the  transverse  vibration  of  an  elastic  gun  tube  with 
uniform  rifling.  It  outlines  the  formulations  of  projectile  motion  and  tube 
vibration,  ptesents  correlations  of  computations  and  tests,  and  discusses  the 
theory  of  formulation.  The  success  of  the  formulations  is  in  the  use  of 
ClCGwic  dc*0  TTmCl  w  •-  Ct»S  CO  T’fi  CVlS  CtCTOCITJOCV'.  1.  C  O  1  1  TTtp  2C  t  ?  OTT  D  ITO  J  GC  L  1  i  S 

motion  and  the  use  of  a  two  point  force  technique  to  replace  the  point  mass 
approximation  for  tube  vibration.  The  computations  show  the  important  effect 
of  projectile  c.g.  eccentricity  and  tube-projectile  clearance.  A  detailed 
computation  of  the  muzzle  motion  of  tlie  M68  gun  tube  is  obtained  using  a 
typical  p re ss Lire ~t ime  curve..  From  the  computed  results  it  is  seen  that  the 
gun  vibrations  fluctuate  depending  on  the  variations  of  initial  conditions. 

For  given  realistic  initial  condition,  the  computed  results  are  comparable  to 
the  te..t  data  and  there  exists  no  comnutati  on-test  data  discrepancy.  The  wide 
range  in  the  v.ariation  of  the  computed  results  can  be  explained  by  recalling 
the  principles  of  resonance  of  vibration.  The  evaluation  of  the  computed 
results  gives  an  insight  into  gun  tube  vi  .rations. 
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AN  INSIGHT  INTO  GUN  TUBE  VIBRATIONS 


SZU  HSIUNG  CHU,  PH. I). 

US  \RMY  ARI-IAIIENT  RESEARCH  AND  DEVELOPMENT  CENTER 
LARGE  CALIBER  WEAPON  SYSTEMS  LABORATORY 
DOVER,  NEW  JERSEY  07801 


INTRODUCTION 


The  existing  state  in  gun  dynamics  is  that  the  computation  of  the 
transverse  gun  tube  vibration  generates  results  that  are  one  to  two  orders  of 
magnitude  less  than  the  corresponding  expe,:iir;en ta  1  data  (1,  2)*.  However,  the 
torsional  vibrations  of  the  gun  tube  ha^  e  good  compu tation-te st  agreement  (2, 
3).  In  order  to  improve  the  computations,  a  two  point  force  technique  was 
proposed  at  the  Second  Meeting  of  the  Gun  Dynamics  Steering  Committee  (4). 

This  technique  considers  a  projectile  as  a  rigid  body  except  at  the  bourrelet 
and  the  rotating  band  where  elastic  deformations  may  occur.  The  transverse 
projectile-gun  tube  interactions  computed  from  a  six  degrees  of  freedom 
formulation  of  such  projectile  motion  are  then  used  as  the  two  exciting  forces 
with  opposite  sign  at  the  bourrelet  and  the  rotating  band  locations  of  the  gun 
tube.  Thus,  in  addition  to  the  effect  of  the  conventional  point  mass  forces, 
the  effect  of  a  moment  induced  by  the  base  pressure  resultant  and  the 
projectile  c.g.  eccentricity  is  also  included.  The  M483  projectile 
computations  (4)  show  that  tne  results  are  dependent  oi.  the  projectile  c.g. 
eccentricity  and  agree  with  the  available  test  data.  This  tachnirue  together 
with  a  simple  exanple  was  later  presented  at  the  Third  U.S.  Armv  Symposium  on 
Gun  Dynamics  (5).  Reference  (6)  shows  the  effect  of  a  moving  couple 
introduced  by  the  projectile  eccentricity  and  (7)  presents  a  si;:  degrees  of 
freedom  formulation.  Both  use  similar  concepts,  and  indicate  tha^  the 
technique  has  many  advantages. 

This  paper  documents  in  more  detail  the  two  point  force  technique  and  the 
related  gun  dynamics  work  performed  in  the  Applied  Sciences  Division  of  the 
LCV/SL,  ARDC.  Its  aim  is  to  present  some  observations  and  insights  into  the 
gun  dynamics  field.  The  modification  of  current  formulations  using  the  point 
mass  approximation  may  be  easily  done  by  substituting  the  original  forcing 
function  with  the  two  transverse  interactions  at  the  bourrelet  and  the 
rotating  baud,  or  by  an  equivalent  force  and  moment. 

niis  paper  will  emphasize  the  principle's  of  problem  formulation, 
descriptions  of  forces  and  deformations,  and  correlations  of  computations  and 
tests.  The  equations  of  motion  will  be  mentioned  briefly,  since  the 
derivation  is  rather  a  general  mathem.atical  c'lanipu  1  at  ion  once  forces  and 
masses  are  defined. 


*Nunibers  in  brackets  (  )  in  the  text  denotes  Cite  reference  listed  at  the  end 

of  the  paper. 
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The  presentation  begins  with  the  forir.ulation  of  the  projectile  motion. 
After  the  motion  and  forces  are  determined,  the  opposite  of  the  transverse 
forces  acting  on  the  projectile  are  used  to  formulate  the  transverse  vibration 
of  an  elastic  gun  tube  with  uniform  rifling.  Methods  and  examples  of  solution 
are  presented.  A  detailed  result  of  the  computation  of  the  mu^^.le  motion  of  a 
M68  gun  tube  is  obtained  using  a  typical  pressure-time  curve.  Various  cases 
of  different  initial  conditions  are  considered.  Some  correlations  between  the 
computations  and  the  field  tests  are  mentioned.  The  discussions  of  the 
formulations  and  the  computed  results  indicate  the  advantages  of  this 
formulation  and  may  give  some  insight  into  the  complicated  gun  dynamics 
problem. 

FORMUIJ^TION  OF  PROJECTILE  MOTION 


The  forces  acting  on  a  projectile  during  launch  are  the  base  pressure, 
gravity,  projectile-tube  interaction,  air  resistance  and  the  inertia  force. 
Knowing  these  forces  are  essential  for  designing  projectiles  and  fuzes, 
defining  initial  conditions  of  exterior  ballistics  ar^d  generating  tube 
V  ib  ra  t  i  on  s  . 


Tn  1971,  a  research  program  was  initiated  to  determine  the  forces  to  be 
used  in  fuze  and  projectile  design.  After  surveying  related  literatures,  an 
extensive  formulation  was  performed  and  documented  (8).  This  formulation  has 
the  following  features: 

1.  Six  degrees  of  freedom  to  replace  the  ccnventional  three  degrees  of 
f  reeiiomj 


2.  Ph.vsical  reasoning  is  used  to  define  the  applied  forces  instead  of 
mathc matically  assuming  the  three  components  of  a  force; 

3.  Introduction  of  elastic  deformation  instead  of  traditional 
st e reomechanica 1  impact  at  the  bourrclet  contact; 

4.  Emphasis  of  the  projectile  c.g.  eccentricity  from  its  geometrical 


ax  I  S : 

5.  Consideration  of  the  effect  of  non-unifoim  band  engraving  of  the 
rotating  band; 

6.  Inclusion  of  the  influence  of  tube  curvatuie  generated  by  its  ovai 
weight  or  temperature  difference; 

7.  Initial  position  of  the  projectile; 

8.  Using  the  bar.e  pressure  directly  as  input  to  the  system  of  motion 
equat ions ; 


9. 

Inc lud ing 

the 

e  f  £  ec  t 

of  cra’isversa  tube  vibration; 

10. 

Consideri 

ng 

rifling 

effects;  and 

1 1  . 

Thiow  otf 

at 

muzz le . 
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The  progrdiG  undergone  succ<i£sivB  imp rov^ernen ts  and  docunicnted  in  (4f  » 

9-15).  Additi  onal  features  as  follows  are  considered: 


li  Tlio  air  resistance  or  aerodynamic  forces  at  the  front  portion  of  the 
projectile; 

2.  Tlie  friction  forces  at  the  bourrelet  and  the  rotating  band; 

3.  The  effect  of  tube  wear  and  copper  deposit  in  a  v/orn  tube; 

4.  The  center  of  the  engraved  rotating  band  is  not  confined  to  move  along 
the  tube  axis,  ..nd  lateral  motion  is  permitted;  and 


5.  The  effect  of  the  resisting  moment  of  the  rotating  band,  which  oppf>ses 
the  transverse  rotation  of  the  projectile. 


The  six  degrees  of  freedom  formulation  (8,  11 »  15)  is  based  on  the  basic 
principles  of  rigid  bedy  dynamics,  that  is,  Newton's  second  law  of  motion  for 
translational  motions  and  its  complement  in  the  law  of  moment  of  momentum  for 
rotational  motions.  For  economic  purposes,  the  products^of  inertia  of  the 
projectile  is  ignored.  Consequently  the  following  Newton  s  and  Euler  s 
equations  of  motion  are  used. 


ma^  =  Fx 


u'.a 

y 

^'y 

tn  a 

z 

-  ii 

^2 

-  ii 

1‘’3 

+  fi3h^  = 

ii 

J 

—  J£ 

2'’l 

where 

Ui  " 

nia  jS 

of  p ro  j ec  t i  1  e  , 

Cl 

=  accelerations  in  the  x,  y,  z  di)ectioiis. 

^x' 

J 

F 

-  forces  in  tlie  x. ,  y,  z  direct:  oris. 

hf, 

h^, 

^3 

=  angular 

momenta  in  the  1,  2,  3  oirec  tion.s , 

ii  , 
i. 

"3 

-  angular 

velocities  rn  tV>e  1,  2,  3  drrectiuns. 

M.,  , 

M  . 

J 

=  momen  t'  n 

in  the  1,  2,  3  direcrions,  and 

dot 

o 

a  quantity  d i  ■ 

■  otes  it-,  time  derivative. 

Cl) 

(y.) 

(3) 

(4) 

(5) 

(8) 


In  addition,  spinring  is 


governed  by  the  rifling  equation, 
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Wtan\  -  R  ( 1^1  +  ^cosB) 

vVie  re 

W  =  displacement  of  rotating  band  in  z  direction, 

Y  "  twisting  angle  of  rifling, 

R  bore  radius,  and 
iji  /  <})  ,  0  -  Euler's  angles. 

To  properly  define  the  motion  and  forces,  several  sets  cf  fixed  and  moving 
right-handed  rectangular  coordinate  systems  and  Euler's  angles  are  employed. 

These  coordinate  systems  are  described  in  Tables  1  and  2.  The  fixed  X,  Y,  Z 
cooi-dinate  system  is  the  basic  reference  system  and  it  is  fined  to  the 
stationary  portion  of  the  gun  tube  c-v  the  ground.  The  moving  X',  Y' ,  Z' 
system  is  parallel  to  X,  Y,  Z  system  but  its  origin  moves  with  the  driving 
band.  The  moving  Xj^,  Yj^,  Z^  system  translates  with  the  rotating  band  but 
rotates  so  that  the  Z^^-axis  is  always  tangent  to  the  gun  tube  axis.  The 

moving  coordinate  system,  1,  2,  3  and  1',  2',  3'  are  parallel  to  each  other 

but  with  different  origins-  Tlie  body-fixed  1”,  2",  3"  system  is  fixed  in  the 

projectile  and  is  equivalent  to  the  1',  2',  3*  system  rotated  an  angle  (j)j^ 

about  its  3  ' -ax  is  . 

The  Euler's  angles,  vi  '"ind  8  ,  are  defined  as  follows: 

1.  'f/  Is  the  angle  of  precession,  which  is  the  angle  between  the  nutation 

C  ^ n ti G rs GC  !* i OTi  cf  th.G  dr'ivin^  b.incl  plsirto  2nd  tViC  X"”Y  pl.siiG  of  systGiri 

X,  Y,  Z  )  and  the  X-axis;  1^- 

2.  f  is  the  angle  of  spin,  v?hich  is  the  angle  between  the  body- fixed  1"- 
ax is  in  the  rotating  band  plane  and  the  nutation  axis,  and 

3.  0  is  the  angle,  of  nutation  which  is  formed  by  the  Z~a-'^is  and  the  spin 
ax  is  . 

Superscript  '  and  subscript  1  are  useo  for  Euler's  angles  with  respect  to 
the  reference  coordinate  system;;  X’,  Y' ,  Z'  and  X;]  ,  Yj^  ,  7.j  respectively. 

The  forces  and  moments  a;ting  on  the  prc-jeccile  are  basically  visualized 
or.  the  assuKiption  that  Llie  projectile  has  elastic  de f ornati  or.  at  the  bourrelet 
and  the  rotating  band,  and  otherwise  rigid  everywhere.  All  forces  and  moments 
Considered  are  shown  in  Fig.  1*.  The  subscripts  used  lu  this  figvire  have  the 
following  meanings: 

A  =  aerodynamic  force  or  aii  resistance, 

a  -  inertia  force  due  to  motion  of  gun  sysct. .n, 

ART  --  bourrelet  normal  and  friction  force, 


^Figures  are  shov.si  at  the  end  of  the  paper 
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TABLE  1.  RIGHT-HANDED 

CARTESIAN  COORDINATE 

SYSTEi:S-GUN  TUBE  AXES 

SYSTEM 

NAME 

ORIGIN 

"Tirst 

AXIS 

SECOND 

AXIS 

THIRD 

AXIS 

X.Y.Z 

(fixed) 

Fixed  at  point  where 
gun  tube  axis  inter¬ 
sects  rotating  band 
plane  at  t=0 

HorijontaT,  point¬ 
ing  to  right  when 
viewed  facing 
muzzl e 

In  vertical 
plane 

Tangent  to  gun 
tube  axis 

X',Y',7.‘ 

(moving) 

Always  at  inoving 
point  whi.'re  gun 
tube  axis  i nter- 
sects  rotating 
band  plane 

ParalTel  to  X- 
axi  s 

Parallel  to  Y- 
axi  s 

Parallel  to  Z- 
axl  s 

Y  Y  7 

"I’  rh 

(mcv ing ) 

Same  as  origin  of 

X' ,Y' ,2'  system 

Sarge  as  X-axis 

In  vertical 
plane 

Tangent  to  tube 
axis 

.... 

TAfiLC  ?.  RIGHT-HAN'OCD  CARTESIAN  COORD  I  NATE  SYSTEf‘S-5HELl.  AXES 


- ■  -  ' 

SY51LM 

FIRST 

SECOND 

IMlIiD 

NAME 

ORIGIN 

AXIS 

AXIS 

AXIS 

1.Z.3 

At  shell  C.G 

Paral 1  el  to  nuta- 

Normal  to 

shel  1 

Parallel  to 

(moving) 

t i 0  n  axis  1 ' 

axi  s 

shell  axis 

r.2',3' 

At  moving  point 

Nutation  axis  in 

Paral  1  el 

to  2- 

Parallel  to  3- 

(icov  i  ng ) 

wl’.ere  gun  tube  axis 

center  plane  of 

axis 

axis 

intersects  rotating 
band  plane.  Same 
as  origin  of  X',Y', 
Z' 

rotating  band 

1"  ,2". 3“ 

Fixed  on  shell  at 

Intersects  3- 

Normal  to 

shel  1 

Parallel  to 

( body- 

point  coinciding 

axis  at  negative 

axi  s 

shell  axis 

f i X  ed ) 

with  origin  of 

s  ide 

(coincides  with 

r.Z',3'  system 

33ax1s) 
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g  =  gravity  force, 


p  =  base  pressure, 

“  rotating  band  normal  find  friction  force, 

RF  =  rifling  nortnal  and  friction  force,  and 
x,y,z  “  components  in  the  Xjy,z  directions 

The  forces  at  the  bourrelet  is  worthy  of  special  attention.  An  elastic 
deformation  or  spring  force  is  introduced  instead  of  the  traditional  use  of 
rigid  body  contact  or  s tereomechanir.al  impact  force  (see  Discussion 
section).  Tl>is  technique  avoids  the  jerky  computed  results.  A  general 
configuration  of  bourrelet  deformation  is  determined  by  the  contact  condition 
Pqj-  unevenly  ei'igraved  rotating  band  case.  Xbe  associated  bourrelet  force 
is  the  force  resultant  acting  on  the  contact  area.  The  simple  expression  for 
the  normal  bourrelet  force  is: 


Nv,  =  <5. 

b  b  b 


(8) 


whe  re 

N =  normal  bourtelet  contact  force, 
kjj  =  spring  constant,  and 

,  =  deflection  at  the  contact. 

D 

The  rotating  band  fc>rces  may  be  obtained  by  integration  around  the 
rotating  band.  To  avoid  not  including  the  effect  of  the  uniformly  distributed 
forces,  the  formulation  computes  the  uniformly  distributed  force  and  an 
unb alanced  force  due  to  ubc  lateral  moti on  separa te ly .  Th e  unbatanced  normal 
force  has  an  expression  similar  to  the  normal  bourrelet  force.  Furthermore, 
for  a  rotating  band  of  very  narrow  width,  Che  resisting  moment  duo  to  uneven 
force  distribution  in  the  tube  axis  direction  may  be  ignored.  In  case  this 
uioiuenL  is  not  neglected,  it  is  expressed  by 

(9) 

whe  re 

M^_  =  resisting  moment, 

-  yaw  angle,  and 

Cj.  =  coefficient  of  resisting  moment. 

The  air  resistance  or  aerodynamic  force  at  the  front  portion  of  Che 
projectilr;  is  not  formulated  in  the  same  manner  as  the  base  pressure.  Rather, 
it  is  considered  as  forces  acting  on  an  inclined  object  moving  in  the  air 
confined  inside  the  giin  tube.  Consequently,  equations  similai  to  the 
aerodynamic  force  formula  are  used. 


The  rifling  force  is  determined  from  the  rifling  condition  (8).  Wlien  a 
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projectile  is  launched  in  a  smooth  gun  tube,  the  situation  is  quite  different 
and  the  formulation  is  much  simpler  (14). 

The  equations  of  motion  for  both  drooped  and  vibrating  gun  tube  cases 
present  additional  computation  problems  over  and  above  the  original  equations 
progrartmed  for  the  fixed  straight  gun  tube.  These  problems  were  solved  by 
referring  the  motion  to  the  ground  fixed  coordinate  systems  and  using  a  number 
of  coordinate  conversion  equations.  A  simpler  set  of  equations  have  resulted 
from  considering  the  relative  motion  with  respect  to  a  moving  coordinate 
system  which  translates  and  rotates  as  it  moves  along  the  gun  tube  axis.  This 
technique  computes  the  projectile  c.g.  acceleration  according  to  the  following 
general  acceleration  expression  and  makes  corresponding  modifications  in  the 
formulation. 


The  general  vector  expression  for  the  accleration,  a,  of  a  point  referred 
to  a  moving  coordinate  system  is  from  the  theory  of  dynamics  of  a  rigid  body, 

a  —  H  +  w'-'  +  p  H-  2u>  D  (10) 

r  r 

where 

=  acceleration  vector  of  origin  of  the  moving  coordinate  system, 

u.>  =  rotation  vector  of  the  moving  coordinate  system, 

'^r  ”  displacement,  velocity,  acceleration  vector  of  the  point 
relative  to  the  moving  coordinate  system. 


Manipulating  the  cross  product  operation  and  separating  the  acceleration 
and  associated  components  in  the  Xp  Vp  Zj  directions,  these  components  of 
acceleration  are 


1  =1;  +  X  -  2  Y ,  u 


r  Y,  ( 

—  w  )  + 

Z  ■,  0-  (j  + 

1  Zj  Xj 

bi’ 

a 

2Z,a'  + 

1 

"^l‘z2  '^1' 

2  4 

il> 

2  1 
m  ) 

)  + 

(b  ) 

= 

.  2^  - 

w  .  »-» 

3  x-2  1 

(w  + 

2  i 

''  y  ^ 

1 

1  /-I  X,  1  Yj  2^ 


(11) 


(12) 


(13) 


In  the  case  of  a  drooped  gun  tube  which  if  consideied  stationary  with 
curvafu'-e  in  the  vertical  Yj-  plane,  the  notion  of  the  Zj 

coordinate  system  is  confined  in  this  plane  and  hence  its  accelaration 
coiiT'joncnts  are  only  ■'VYi  and  angular  velocity  and  acceleration 

componentf.  are  only  ,,  j,  ^  and  uxp  Consequently,  the  acceleration 

compoaen  s  of  the  mass  ^c  elite  r  of  th.e  projectile  reduce  to: 
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1 


=  X 


=  R(- 


cYi 

+  ^1  - 

2Z, 

1  x^ 

Y  u  ^ 

-  Z 

c  z 

+  Zl  + 

2  Y  j  w  ^ 

+  Yj  J) 

1 

;  coo 

rd  i  na  te 

trans lation 

and  rotation 

(14) 

(15) 

(16) 


are  dete  i  iiiined  by  differentiating  the  equation  of  the  tube  axis  with  respect 
to  time  and  Che  travel  of  Che  projectile-  The  curvature  of  the  gun  tube  axis 
nwiy  be  experimentally  determined  or  computed.  A  simpler  method  is  as  follows. 

The  non-uniform  gun  tube  is  divided  into  many  segments  or  stations, 
counted  from  the  fixed  end.  The  deflection  and  slope  of  the  gun  at 
station  n  are  determined  from  the  equations  for  a  general  cantilever  beam, 
namely  ( 25 ) , 


n-l 


n-l^n  + 


0„  =  0, 


El,, 


2E  I, 

ln£n 

2HI„ 


S 

n  n 
3EI„ 


(17) 

(18) 


where 


Y  =  deflection, 

0  =  slope, 

-  moment  , 


S’-  =  length  of  beam  element, 

1  =  section  area  moment  of  inertia, 


^  =  shear  force,  and 


n  =  subscript  to  denote  station. 

In  the  case  of  a  transversly  vibrating  gun  tube  the  complete  Equations 
(11),  (12)  and  (13)  are  used.  These  equations  show  that  the  transverse  and 
the  torsional  vibrations  are  coupled,  since  they  contain  terms  with  z  ^ 
and  “zi  ,  which  are  due  to  the  rotation  of  gun  tube  about  its  axis  or 
torsion.  When  torsion  is  not  considered,  these  terms  are  omitted,  and  the 
acceleration  components  become: 


^1 


^  ’^1  "  """l^Y^ 

-  X  c  Y  ujy  +  2  'i)y 

(19) 

^cYi  ^ 

(20) 

"?  2 

+  2Y.U)  -  Z  (oj'  +  u;„  )  - 

]  1  Xj^  Y^ 

(21) 

equations  contain  coupling  terms  ^nd  Wy 

s.  This  means  that  th  '  transverse  vibrationi 

and  their  time 
in  the  vertical 

and 
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horizontal  planes  will  not  be  independent  and  the  usual  separate  computation 
technique  is  indeed  only  an  approximation.  The  moving  coordinate  system 
translation  and  rotation  terms  are  determined  by  the  gun  tube  vibration  which 
is  described  in  the  next  section. 


At  the  same  time  Picatiuny  Arsenal  started  this  work  in  1971,  similar 
investigations  were  also  performed  at  the  Sandia  Laboratories,  Albuquerque,  NM 
(16,  17,  18),  later  at  Naval  Surface  Weapons  Center,  Dahlgran  Laboratory,  VA 
(20,  21),  and  recently  at  S&D  Dynamics,  Inc-,  Huntington,  NY  (7). 

FORhmLATION  OF  TUBE  VIBRATION 

In  most  transverse  tube  vibration  studies,  the  projectile  is  considered  to 
be  a  point  mass  since  it  is  small  compared  to  the  gun  tube,  and  the  gun  tube 
is  approximated  as  a  cantilever  beam  since  it  is  a  long  tube  with  the  breech 
end  supported.  In  reality  the  transverse  vibration  of  the  gun  tube  is  not 
confined  to  a  plane.  However,  to  siinplifxy  the  formulation,  it  is  usually 
considered  that  the  tube  vibration  has  components  in  two  perpendicular  planes 
and  may  be  analyzed  separately.  In  general,  Euler's  or  Timoshenko's  beam 
theory  is  used  in  the  fotmulation  of  the  equation  of  vibration.  The  general 
equation  derived  from  Euler's  theory  for  the  X~Y  (vertical)  plane  vibration  is 

(EIY")"  +  mY  =5(Xp-X)Fp  (22) 

where 

m  =  mass  of  the  gun  tube  per  unit  length, 

E  =  Young's  modulus, 

I  =  area  moment  of  inertia  of  the  gun  tube  element  section. 


X  =  location  of  the  gun  tube  element, 

Xp  =  location  of  the  projectile  c.g., 

Y  =  normal  or  Y-axis  displacement  of  the  gun  tube  element, 


F 


P 


projectile-gun  tube  interaction  force  exerted  on  the  gun  tube  by 
the  projectile,  and 


f.  (Xp  -  X)  =  Dirac  delta  function. 

The  gravity  force  of  the  beam  is  usually  ij^nored  in  the  formulation.  A 
similar  equation  is  used  for  the  X-Z  (horizontal)  plane  vibration. 


The  interaction  force  Fp  may  be  derived  from  the  point  mass  approximation 
(22).  An  important  point  is  that  this  formulation  ignored  the  effect  of  a 
moment  wliich  is  the  proi'.uct  of  the  base  pressure  resultant  and  the  projectile 
c.g.  eccentricity  (see;  Discussion  section).  This  moment  is  not  small  for  high 
base  pressure,  cases.  Consequently,  there  is  no  satisfactory  agreement  between 
the  computed  results  and  the  experimental  data  (1,  2,  3,  23).  Nevertheless, 
the  comjiu  ta  t  i  on  of  torsional  tube  vibration  did  show  good  agreement  with  the 
test  data  (3).  This  difference  of  agreement  is  perplexing  since  all  theories 
and  techniques  of  dynamics  are  well  developed  and  rvailable. 
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To  Lvnprova  the  fo/rinulati-on ,  the  technique  or 
approach  is  introduced  (4,  5,  15).  Tlie  equation 


concept  of  a  two  point 
of  vibration  becomes 


force 


(ElY”)  "  -t  niY  --  -6  (X  ~  1 

P 

where 

=  axial  distance  of  tht 
center  section, 


-  X)tJ  ~  (X  +  h  -  X)  N, 

oy  p  by 

projectile  c.g.  to  the  rotating 


band 


(23) 


h  ’=  axial  distance  of  the  projectile  c.g,  to  the  bourrelet, 

Nyy  =  Y  component  of  normal  force  acting  at  the  rotating  band,  and 
^by  ^  Y  component  of  normal  force  acting  at  the  bourrelet. 

The  forcer.  and  “Nj,  are  the  components  of  the  two  projectile-gun  tube 

interactions  acting  at  the  rotating  band  and  the  bourrelet  location 
respectively.  They  are  computed  from  the  projectile  motion  but  with  opposite 
sign.  They  may  also  be  represented  by  an  equivalent  force  and  a  moment  at  the 
projectile  c.g.,  since  the  equivalent  of  two  parallel  forces  is  a  force  and  a 
moment.  However,  the  two  point  force  representation  is  preferred,  since  they 
represent  completely  the  force  actions  until  the  rotating  band  leaves  the 
muzz le . 


The  acceleration  and  rotation  of  the  gun  tube  are  obtained  by 
differentiating  the  displacement  and  the  slope  respectively.  These  quantities 
are  used  in  the  equations  of  motion  of  the  projectile  as  mentioned  before. 

METHOD  OF  SOLUTION 


Traditionally  the  computation-s  of  the  projectile  and  tube  vibration  are 
performed  separately.  Usually,  the  equations  of  motion  of  the  projectile  are 
solved  fir.  t  to  obtain  the  displacement,  velocity  anci  acceleration  data 
without  considering  the  effect  of  tube  vibration.  The  computed  projectile 
data  are  then  used  as  knovm  values  to  solve  the  equation  of  tube,  vibration. 

In  re.rlity,  there  is  a  coupling  effect  between  the  projectile  and  the  tube. 
This  may  be  seen  from  the  appearance  of  the  coupling  terms  such  as  interaction 
forces  in  the  vibration  equation,  and  tube  accelerations  and  rotation  terms  in 
the  equations  of  motion  of  the  projectile.  Therefore,  for  accurate  results, 
all  these  equations  should  be  solved  simultaneously. 

The  computation  time  of  solving  simultaneous  equations  increases  with  the 
number  of  equations  involved.  To  utilize  the  existing  projectile  analysis 
program  and  save  some  computation  time,  an  alternate  numerical  integration 
technique  is  used.  This  approach  solves  the  equations  of  motion  of  the 
projectile  and  the  tube  vibration  alternately  at  each  time  step  of  numerical 
solution.  The  oiily  data  required  from  the  interior  ballistics  computation  or 
test  is  the  base  or  chamber  pressure.  At  the  first  time  step  the  projectile 
equations  are  solved  with  the  gun  tube  at  rest  or  no  vibration.  At  the  second 
time  step,  the  result  of  the  projectile  solution  at  the  previous  time  step  is 
used  as  the  known  input  data  to  solve  the  vibration  equations  of  the  tube. 

The.  results  of  this  solution  is  then  used  to  solve  the  projectile  equation. 

The  same  procedure  is  repeated  for  each  time  step  until  the  projectil  ' 
rotating  band  is  out  of  muzzle.  This  technique  has  the  .ndvantage  of  I  )th 
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simplifying  the  computation  and  computing  the  effect  of  projectile-tube 
interaction  since  the  time  step  of  integration  is  taken  small. 

Any  of  the  standard  numerical  integration  methods  may  be  used  in  the 
solution.  A  simpler  technique  is  the  Euler's  method  and  the  constant 
acceleration  technique  (24).  The  basic  equations  used  are 

<24) 

y,  ■=  y  +  y  At  +  hy  vAt)  /ygN 

lit  1  n  n  n  \  /-j  > 

where 

At  =  time  step  sizej  and 

n,  n+i  =  subscript  to  denote  the  time  step  number. 

Modal  analysis  is  used  to  solve  the  equation  of  motion  of  the  gur,  tube. 
The  natunl  frequencies  and  normal  functions  are  solved  using  the  Myklescad's 
technique.  These  techniques  are  well  documented  in  many  text  books  and 
technical  reports,  such  as  Reference  25,  and  not  repeated  here.  These 
techniques  transform  the  tube  vibration  equation  into  the  following  equations 

%  “i'!i  (27) 


n  2 


where 

Y-  =  ith  normal  function  or  mode, 
qj  =  ith  normal  coordinate  or  raoda  l  response, 
u;  =  ith  natural  frequency, 

~  j^b  lumped  mass  of  the  gun  tube, 

=  ith  generalized  mass, 

^io’  ^ib  ~  normal  function  or  mode  at  the  rotating  band, 
the  bourrelet  contact  point  location,  and 

n  =  total  number  of  lumped  mass  of  the  gun  tube. 

Computer  programs  have  been  generated  based  on  the  above  mentioned 
technique  to  solve  the  following  examples  of  computations. 

EXAMPLES  OF  COMPUTATIONS 

The  input  data  for  the  computations  are  the  geometrical  dimensions, 
physical  properties,  initial  conditions  of  the  projectile  and  the  gun  tube, 
and  the  firing  pressure.  They  are  obtained  from  design  data,  test  results  or 
interior  ballistic  computations  of  propellant  charges.  The  equatinus  of 
motion  are  solved  by  standard  numerical  integration  methods. 


*  ■'w*  K  1  "  .  >  -1  •  ^ 
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The  sol'.ition  of  i"hc  projectile,  motion  can  calculate  all  components  of  the 
moticn  and  forcei'.  Some  of  cho-se  terms  .-I’o:  projectile  travel,  velocity  and 
acceleration;  c  .g  .  and  bourretet  center  vjisplac  ement  (polar  diagram), 
bourrelet  contact  point  and  doflecti..n;  absolute  lateral  velocity  of  c.g., 
normal  accelorat  ions  of  c.g.  .'ud  r>;..;e  srtcified  axial  noints;  yaw  angle, 
velocity  and  acceleration;  cross  sp.ai  rate;  force  cciiip.jnonts  at  bourreJet  and 
rotating  band;  total  force's  at  c.g  ,  etc.  Tl-ieise  camputatiora  could  not  be 
obtained  with  previou.s  formulations.  The  computed  values  from  this 
forrauiation  are  used  ?s  design  reference  values  for  projectiles  and  i'uees. 
Examples  ef  pro  j  cctile-s  that  have  been  computed  ere  the  XM673t  X."l7l2,  M3'12A2, 
XMS29,  M107 ,  MA83,  H349  and  so  forth.  Soaic  typical  curves  of  the  computed 
value.s  are  shown  on  big’  2. 

In  the  computation  of  gun  tube  vibr.icion  only  fixed  breech  end  cases  are 
coTisidered  at  present.  3'hc  input  data  include  the  outside  diameters,  area 
moment  of  inertia  at  different  element  stations  along  the  tube  in  additic.a  to 
those  required  for  projectile  analysis.  The  computevi  rc-sults  represent:  the 
tube  configuration  at  any  time,  that  i.s  d  isp.l.ac  em.cn  t  ,  velocity  and 
acceleration  of  different  sc.'ition  points.  Special  attoiition  is  p.iid  to  the 
muzzle  motion  .ind  its  .displacement,  .slope,  velocity  and  acceleration  are 
comivjted.  Some  of  the  computed  rc.s.ilts  of  the  120mm  end  MfiS  105mm  guns  are 
shown  in  Fig.  3-5  and  Table  3. 

f:0Rl'r.!.ATJ.0H  OF  FTt.i.D  TFSTS 

Knot  of  the  test  data  used  for  case.s  mention.jd  in  tlri.s  paper  are  ftiuu 
de.s.ign  drawing.^ ,  similar  items,  .ind  simpl  ificaei  oirs  since  no  actual  test  data 
are  available.  Even  in  c.ast  s  wiicu  test  data  are  av.ailab'e,  many  j.'Siai.ieCei'S  or 
constants  required  in  the  formulation  are  not  recorded  d'.,ring  the  rest. 
Thetefofe,  exact  com{)arir.nn  between  the  conq^ut.at  ions  and  the  testf;  are  not 
feasible.  Hovover,  some  correlations  may  be  mentioned  to  show  the  advantages 
of  thifi  formul.Tt  ion  . 

During  l')7'4  ,  a  thorough  flight  eva  luat  to;i  was  conducted  on  the  155aim  M483 
projectile  fired  in  tlic  M18'3  gun  to  dorerminc  the  cause:  of  short  i-ound.s 
previously  eacountu.rod  in  cold  weather  test  at  Nicolet,  Canada-  la  order  to 
determine  the  inqi or taoce  of  intoiior  ballistic  fac.tor.s  cn  this  piogram,  the 
h.vliot'ng  motion  of  the  projectile  was  an.alyr.e3  using  the  method  described  in 
this  pap,.>r-  Tprerior  ballistic  performance  from  va>"ious  M135  tubi's  v.as 
calcu  l.ited ,  iaclviding  3  nev;  tube  and  tubes  v/ith  a  significant  amount  of 

wear.  It  is  noted  that  tube  no.  22530  (11)  had  a  restriction  in  its  center 

portion  (180"  to  75"  from  muzzle),  due  Vo  tlie  deposit  of  copper,  which  tended 
to  reduce  the  in-bore  clearance  between  ptojectile  .and  tiilie.  Due  to  this 
condition,  the  frequency  of  impacts  at  the  bourrelet  tended  to  iivcrea.se 
conrpared  to  the  ether  tube.-,  of  better  wear  conditions  .and  the  magniLude  of  the 
contact  force  at  the  bourrelet  w.as  significantly  higher.  A  comparison  of  the 
calculated  balloting  behavicr  with  te.st  firings  is  indicated  in  the  follr.iwing 
Table  4.  It  is  noted  that  the  coppered  tube  (Tube  No.  22530)  produced  a 

iiighcr  c-oss  .spin  rate  aixl  higher  bourrelet  force  r.han  a  tube  with 

signifi  cantly  Ivigher  wear  in  both  the  origin  or  rifling  and  the  muzzle,  and 
thac  the  calculated  performance  cor resp..oiided  with  the  tiigher  first  maximum  yaw 
and  higher  iircidcnce  of  short  rounds  noted  in  the  field  firings.  After  firing 
■iti  additional  800  romuis,  howevo',  the  star  gaging  of  the  tube  indicated  that 
the  reduced  diameter  s‘'ct.iou  va  removcil  and  perforiuance  appe.'iicd  to  improve. 
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TABLE 

4-  r.tFECT  OF  GU.'I 

TUBE  CONDITION 

-  M185 

GUN 

Cotryiwt  J  t  loi' 

— - 

Expctlrnce 

Tube* 

No. 

T  y  17  e 

Pi*  .1 V.  Rout  r  1  ^  C. 

1  mp .'f  t  I  vr:  T c 
(U.:..) 

cTcs^TTplrTTaT^ 

«L  M'iiCile 
(rad/sec) 

IsC  H%K. 
Y*iw,  Avg. 

(deg.) 

Short  Rd. 

Rate 

1100 

.71 

1.6 

1/20 

7 :  •)  10 

Cof  »•  r  eii 

a'ioo 

i.6S 

4.7 

4/20 

??*!  10 

bOO  rj-i 

1.1 1  *■  f 

‘j  /oo 

r  .!■> 

Not  Taken 

3/60 

■  1 1 

^lUO 

1 .01 

7.0 

0/lC 

An  adcHrionr.l  ins‘i;anr.c  of  corre  “ipondence  betwecii  the  analytical 
privlictior.b  and  the  field  ex  pei' i  cnc.e  was  found.  H-.e  iVtS’  prnieccile  used  in 
the  field  to.'^ts  at  Vuuia  Proving  droiind  were  all  tested  fur  projectile  mass 
balance,  and  the  position  and  degree  of  Mtibalance  recordel.  T.t  is  noted  that 
for  initial  values  of  the  precession  an^^le,  ,  atid  spin  <.iif>e,1>  ,  of  0  ,  90  ; 

90"^,  180”,  270°;  and  270°,  180°  respectively,  the  center  to  gravity  of  an 

eccentiic  projectile  is  in  the  12  o'clock  position  in  the  gun  tube.  Average 
c.' 1  cvi  1  a  tixl  values  for  initial  conditions  with  the  heavy  shell  side  located  in 
the  3,  6,'  9  and  12  o'clock  positions  are  gi'^en  in  Table  5.  It  is  noted  that 
the  initial  orient  atior.  calculated  to  yield  a  higher  value  of  crop  spin  rate 
.  c_. ,.,-1  n  v.'irnt*  ot  f'rst  nia’CitnuTti  yaw  in  the  i.,cld  firings. 

w.j.  a  u...  ... 


-..a,,,- 


TABLE  5. 

l•:F;■tCT  OF  INITIAI. 

r ROjF.CT n.;:  cf.nteji  _P_^_g 

KAVITY  OKll-.'lVATICN 

K483  PROJECTirE 

_ 

.  _ _  .  .  . 

Gantev  of 

Grav i ty 

Ori  on  tat i on 
(  O  ’  C  1  IK  V. ) 

Coi.ir.  1  bed  Peak 
Bou : t  e  1  0 1 
Force 
(lbs) 

('onapti  t  ed 

Cross  .5 pill 
te 

(  rad  /.sec  ) 

'^if  Id  Test 
.\ver,ag('  1st 

Max  Y.at.^ 

(dig.) 

4500 

1.08 

Nut  c.aken 

6 

4700 

.96 

3.4 

9 

3500 

1.06 

ecL  L.aken 

12 

6900 

1.36 

4  .? 

— 

;  .  .  -  - 

... _ .  .  .  _  -  . .  _  .  -  -  • -  1~ 

H.'.dvAl,  and  M',49,  fired  in  the  Mli8  hovitzer, 
the  hunrrelet  engravings  found  in  field 


•g  - 

il.ibl.'.';  vinbalar.-e  of  141u«i:-0  (  ?0  lu-oz)  and  353jEn-H  (50 


The  155cin  p  ru  )  "c  t  i  1  es  M10  7 
perfoim  d  i  f  f  e  rc'in  ly  ,  ssjvecia’iv  in 

tests.  An  analysis  w.is  per.:u-aed  to  IJe.otify  and  coriiiarc  their  in-bore 
laleial  notion  characteristics  (13).  riu-:e  projectiles  with  an  assumed  c 
(actual  data  not  <av.i 

in  07.)  were  analyzed.  Both  new  and  wOrn  v.un 

nilts  ail  presented  in  plots,  and  tabl..s  tor  the  peak  values  and 

:.aw  angle*  and  velocity.  Tlie  cosiputrd  iteci  include  cro.s.r  — 
accelerations  ae  twa  axi.al  point  ■  (6.35  cm  .and  25.4  cm 
the  nioiertile  nose),  the  lateral  forceta  .acting  at  the  rot.ati.ag  band,  the 


nb  e 


re  re  considered. 


The 


-oniputcxl  re; 
variation;;  o£  the  y-’ 
spin  rri  Le  ,  the  nniir.a). 
to  the  pi ')  j  er 
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bourrelet  (Fig.  2C)  and  the  c.?.,  and  the  path-,  ot  the  r.g.  and  botjrrelet 
center.  These  results  show  than  the  M549  projectile  h.ai  the  i<r;est  ball-ting 
effeoL  of  the  three  projectiles,  and  agree  Will',  the  field  test  resvilts  t'uat 
the  M‘349  rounds  have  more  severe  engraving  at  tfie  bourrelet. 

All  analyses  of  projectil(?s  with  large  c.g.  eccentricity  fired  in  a  ."rw 
rifled  gun  tube,  show  that  the  houire’et  and  r he  rotating  band  forces  increase 
toward  the  mu?:zlc  (Fig.  2ii).  The  tube  wear  at  the  n.up.zle  end  region  are  due 
to  the  friction  betwe-in  tlie  projcccile  and  tube.  Co'- seq-.ent ly ,  with  the 
rotating  baml  and  bourrelet  forces  Increas-d,  the  tube  wear  vil?  .>e  increased 
accordingly.  Hi  i s  corresponds  veil  to  the  general  observati  on  of  more  tube 
wear  near  the  muzzle. 

A  computation  in  1977  of  the  M344A1  projectile  in  the  106mta  M2n6  cannon 
showed  the  bourrelet  and  the  rotating  band  lorces  has  a  maximum  value  as  shown 


in  Fig.  2A.  Later,  a 


gun 


tube  failed  at  rdie  location  where  the  computed  force 


IS  maximum. 


Another  interesting  correlation  may  be  mentioned  here.  As  shown  by 
computation  resulrs,  the.  bourrelet  force  (Figs.  2B  and  2Cd  is  ir..;reascd  with 
c.g.  eccentricity,  and  travel  along  the  rifling.  Hierefore  t’r.ere  are  man--- 
pulses  of  bourrelet.  force  acting  alovig  the.  rifling  during  lannch.  If  the 
force  pulse  is  large  enough  there  '/ill  be  many  dents  or  local  bending  a.ong 
the  rifling.  This  may  explain  the  test  fa..  C  that  local  bending  was  observed 
in  the  vicinity  of  the.  projectile  (pp  14  of  (27)),  and  these  deflections  are 
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Tube  vibration  is  of  primary  concern  in  gun  tube  dynamic..;.  The  largo 
discrepancy  between  the  computed  results  and  the  f.-xpor  imental  mea.sjrcments 
puzzled  investigators  for  a  long  time.  T,io  compulations  based  or,  the  point 
mass  approximation  are  much  less  than  the  Lest  data  (1,  1,3).  However,  tlio 

computations  from  the  two  point  force  technique  are  well  ccroparable  t.o  the 
test  data  depending  on  the  param.r-ters  of  c.,g.  eccentricity,  p  ro  j  ec  t  i  le-t  ub  e 
clearance,  .spring  constants  and  ra;  forth.  For  example,  th.»  Bill,  test  aat.i  (2b) 
of  mean  vertical  muzzle  deflection  of  the  M10*^.\I  howitzer  at  .shot  exit  is 
2.029nir.  and  th.e  comouted  result  w.Lh  .several  c.g  eccentricity  values  u 
shown  in  Table  6.  The  avc  rage  ■r.ilue  cf  the  four  c  ompa a  L  i  ons  is  1  .972nun. 


TABLK  ().  rOMPUirP  NI177.I.K.  ThRllOM.  UlSr'  '"c.T.S  OF  15'^-Mh^  Hin;Al 
HOV/nVKH  WiTli  M'.8  3  ROUND 


Ca  :;c 

c.g.  F . 

c.c.  Imh . 

No  . 

rr!in 

1:1:1  -N 

Defl.  tmi! 

(in) 

(  in-  oz  I 

(in) 

1 

.  1  54 

71).  01 

.93 

(  .OUb) 

■;  '0) 

(.04) 

2 

.  1 8 

84 . 7  3 

1  .54 

(  .O'J/) 

(17') 

(-Ob) 

3 

.203 

91 .80 

2.03 

(  .C.'3) 

( n) 
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The  nios  .;  de  s t '  b  t-vl  ann'  romij'i.'i’  !  xn  '  ;  ratuxe  is  the  transverse  gun 

vihration  of  the  M6S  lOburn  wit'-,  a  M392A2  p  1 1- j  ec  til  c- .  Tesi,  C-}''i  and 

sour’' j  L.;  t  i  of  i  crc  well  i  1.21).  ■'  "lotail.-.l  ta '.o:;  on  the  fixed 

breech  end  case  using  the  iiiet  ho-i  nentinncd  ic  i.h ’i  9  papei  rie  n'o  f  oriuo.!  to 
compare  the  results.  The  peak  rest  oata  tor  the  vei'tieal  t;-),]  1  izontal 

truizzl'!  d  ispl 'e"ni  ants  are  h.'ii  .ml  .^'iina  reruectivaly  'Tisu  lio.  Ident  06  of 
(2?))-  Tho  input  (iata  used  tor  analyses  are  froia  wesigi:  d  ewings,  siaiilar 
ite'.us,  and  s  irm  1  i  f  i  c  a  t  i  ons  .  Sum'?  oi  the  com, >a  ted  results  .’iL’e  shown  ir  Table  3 
a:’d  also  shown  in  figures  ■'*  to  i.  Froru  tne  'table  figut-rs  it  :s  seen  that 

depending  on  the  bour'elc";  contact  Londifio.is,  e  .  g .  ccc.cr.  tr  ic  ity ,  SD.ing 
constants  a.rd  initial  projectile  positions,  tlip.  conr.pu  ted  pt-a..  crpi',’:  1  .t 
displacement  values  are  either  larger  or  sma’.'er  than  th  '  test  Whereas 

the  comjni  ta  t  i  on  s  of  point  mass  app  tox  i'J..i  t  i  on  al.ayj  give  amallf.r  v^n.os.  This 
shi'.'ws  chat  the  meth'xl  rricntioned  iii  this  paper  has  tho.  capahi  lily  to  compute 
the  courparahle  values.  Ihe  prohlea  i;;  hov  to  ohcain  propir  inp,.''  data  of 
c 0 uip'-i  t  a  1 1  on  . 

hTSCiSo  IONS 

A  major  difficulty  in  solving  gen  Jyriiaivcs  prop 
totoe  relaf'oi'.s  among  the  various  coipponenti  of  th.e  yen 
bch'i’ve  during  firing. 

The  point:  mass  approximation  has  the  advan'^age  of  sirupli  tying  the 
f  orinu  la  t  i  or.  and  the  subscriuent  solution  of  the  resulting  eouarions.  However, 
in  considering  an  object  as  a  poit'C  mass,  sou.-s  chac.ic  rerist  ics  -of  the  object 
may  be  i  nadve  r  tent  ly  ig.iorcd.  In  gar.  dynamics,  tiie  projoc..ilo  is  email 
compaied  ro  the  gun  tube  and  the  vaw  p.otioa  is  severely  rost.-icted  by  the 
tube-bou  rre  let  clearance,  and  lenre  t  r  id  i  t  i  on.i  1  iy  t  h,'  point  masr  approximation 


u  sed  . 

This 

leads  to 

two  dis.i  1 

i!v?nt.r};es  1  u  ti.e  solut 

i  0:1  . 

The 

fi  r  St 

a  dv  0  r  s  0  e 

ffect  i,. 

in  rfu:  fom.alaCi  on  of 

rhf}  M.orion  of  Lhe 

p  I j  cc  C  i  1  o  .  Tr  ad  it  ioiiu  1 )  y  ,  a  pioj'Ct.le  i '■  first  consider'd  -s  a  ooint  mass 
ti-  coiipu  Lc  tbe  forward  acce  ler.iti  c...  To  compensate  for  spii;  effect,  an 
erpuvaleut  (heavier)  mas,,  is  used.  Later,  the  ,'"i:  1 1  i  i  uga  1  force  is  added  to 
account  for  the  c.g.  eccen  ti  c  it  y  effect.  Fu  rther.'.eire  ,  to  co.ti.cjte  t,  e  yaw 
effect,  it  is  considered  as  a  spinning  body  w.'t.'i  a  yaw  n'otvnn.  Tl'e  point  mass 
approximation  exclud-.;j  body  de  f  ot  ina  C  i  o'l  -  Tl:  is  .'.adj  to  the  solid  body  cont,act 
force  or  the  .ste  reo.iec  h  an  ic.il  imp.ict  formulation  .0  uesi'ril'e  the  bourrelet  and 
rotating  forces.  The  solid  body  cO'.ii  ic  r  force  io:,nnlation  computes  a  les.s 
vari.“d  O'"  fixe'd  yaw  angle  while  the  st  j  reomecbanical  inpact  approach  compotes 
jeiky  '.uorior  The  9  Le  reom  ccii  an  ica  1  isipact  f  orvr..i  1  at  L  on  is  incapable  of 
describi'ig  the  transient  foi^’es  or  he  format  ions  p  1  o.iuv  ud  ,  a^.d  is  limited  to  a 
specification  of  initial  arxi  terminal  veioexty  states  ol.  toe  objects  and  the 
applifsl  liziea.  or  angular  impulcn  (28).  fur tliermore ,  the  gun  is  tired  in  a 
ratl.ei  short  time  duration,  and  tl.u')  n.xl  including  the  transient  Jeforniation 
lezids  to  xiiaccur.ice  computation,  b  at  i  ;i  f  a- .  tory  conipu  t.y  t  1  i.ui  are  therefore 
■j  nob  ta  1  nib  1  e  .  The  mi_t'..cy,l  mentioned  in  t.i  is  pa,Ter  uses  the  six  degrees  of 
freedom  f -xr  ..lu  1  a  t  ;  oi'  and  cons  iders  the  projectile  as  a  rigid  bcxly  except  at  tlic 
bouneli’'.  and.  t  ne  v.'Lat.i'.g  haiM  where  ii“  f  01  ci,.  t  i  o:.  exi.sts,  and  consequently 
in  t  r  ociu  c c  the  elastic  contact  o’c  spring  forces  ..n.itcic  of  t’lt 
,u  t  >' i  eom  ech  an  1  r  .1 1  inipaet  ^orces.  Vhe  .sue  I’f  .‘i.s  tul  ccmfin  tat  i  on.s  mentioned  in 
p-,,.viou.';  .sect.cns  and  tin;  f  j:  1:  La.it  the  s..e  rec-mech.-i  n  is  .i  1  ipipzict  formulations 


is  1  uv  to  define  the 
system  nd  how  they 
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are  subsequently  replaced  by  similar  elastic  forces  by  othera  in  the  field 
show  that  this  technique  of  f  ommlati  oii  is  practical  and  useful.  However,  the 
small  time  step  size  of  numerical  intep.ration  is  essential  to  the 
computation.  Unless  some  check  measure  is  employed  in  the  computer  program  to 
make  sure  tin'  time  step  size  is  small  enoup/n ,  the  co.irputation  will  be 
i nc  orrcc  t . 

Next,  the  poin  mass  approximation  has  a  )»reat  influence  on  the  transverse 
tube  vibration  formulation.  Traditionally  the  projectile  is  always  considered 
as  a  point  mass  in  the  problem  formulation  since,  as  mentioned  above,  the 
projectile  is  apparently  very  small  compared  to  the  gun  tube  and  there  is 
serious  restrictions  of  yaw  motion.  The  approximation  does  have,  the  advantage 
of  simplifying  the  formulation  by  reducing  the  number  of  equations  of 
motion.  However,  the  tube-projectile  interactions  or  the  transverse  forces 
exerted  on  the  gun  tube  by  the  projectile  ate  only  one  force  resultant, 
lion  s  2  quen  t  Ly ,  the  muinent  effect  wliich  is  the  product  of  the  base  pressure 
resultant  and  the  [  rojeccile  c.g.  eccentricity,  is  inadvertently  ignored. 
Unfortunately,  this  moment  is  so  large  that  it  should  not  be  ignored  for  large 
guns  or  in  cases  when  high  base  pressure  is  used.  An  approximate  computation 
of  this  neglected  moment  of  several  projectiles  ^  shown  in  Table  7. 


TARl.E  7.  MOMCMTR  DUE  TO  PR.'IJECTILE  C.G.  ECCENTRICITY 

AND  BASE  PRESSURE 

Projectile  Time,  ras 

Base  Pressure,  psi 

Moment,  in- lb 

(  MPa) 

m-kg) 

M106  ^-9 

37300 

18590 

(257  ) 

(21A) 

M107  A. 9 

35  3  50 

10240 

(2A4) 

(118) 

M392A2 

49A00 

4480 

(3A2) 

( .5  2 

M456  2.2 

5A140 

7  230 

(373) 

( BA) 

XMy*9  5.0 

38  250 

1  1020 

(264) 

i  J  2  7  ) 

NOTE:  All  moments  computed  with  .01  in  c.g.  eccentricity  and  firing 

pressure  from  Heppner,  I-eo  D.,  "Methodology  Investigation  on 
Setback  and  Spin  for  Artillery  Mortar,  Recoilless  Firle,  and 
Tank  Armiiun  i  t  i  on  "  ,  TECOM  Pioj.  No.  9-CO-O  1 1  “07  5  ,  Report  No. 

APG-MT-A501 ,  Materiel  To.sting  Directorate,  AHG,  M  J ,  Sept.  197*1. 

The  t'jbc  vibritivju  denciidr,  on  th*‘  forcing  functior*  Wi  exotinp 

force  the  vibiation  dt'C  ree  s  accordingly.  TT  is  is  why  aU  c  or.'.pu  La  ci  ons  using 
the  point  mass  app  r*ix  in.it  i  on  gave  results  of  niuch  le.ss  value  ti'.an  the 
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exper imear  i ],  data  (1,  2i  2'5). 

Tho  couc<;()t..  of  rioinL  Mjr  app  roxiinarioii  is  df>ep!y  l  ootftil  in  gun  tube 
•.  ibrs.'.ioa  iu'-o.  st:  igationa  =  Tn  ia  is  scon  by  tri-?  fact  tiiar.  though  the  rotating 
band  and  bouriailov  forces  have  hntn  computed  using  the  six  degrees  of  freedom 
formulationi  yet  th'-ae  forcuS  are  not  uaed  as  Che  two  interaction  forces  to 
v^xcite  tlie  Cube  vibration.  Instead,  .1  single  force  which  is  their  resultant 
is  need. 

Tables  3  and  6,  and  Figs.  4  and  5  show  that  the  coi-T|5utation  results  of  gun 
vibrations  fluctuate  depending  011  the  variations  of  initial  conditions.  For 
cerfair.  initial  conditions,  the  conrputed  result  ri.ay  be  larger,  less  than  or 
match  the  te.se  d.st.a,  .jnd  there  exists  1.0  compu  tati  o:i-te  st  data  discrepancy. 

The  wide  range  ef  variatior;  of  the  computed  results  is  not  difficult  to 
expLnin  if  o.ie  recall  ■■  Che  principle  of  reson.jnce  of  vibration.  The  balloting 
motion,  spinning,  rifling  reaction  .-ind  different  natural  frequencies  of 
vibration  uay  cause  many  variations.  This  insight  into  g.in  vibrations  laay 
help  to  pin-point  importani  condition.*  for  good  weapon  system  design.  The 
succe.ssful  comput.itions  using  the  metho<l  described  in  this  paper  and  toe 
apparent  ii.'.por  tance  of  Che  initial  condition.s  indic.ite  that  this  method  i.q  a 
proper  wav  tc'  persue  mote  accurate  computations.  The  problem  now  is  how  to 
obtain  aioce  accurate  data  to  he  used  for  conq^r  La  t  i  on and  perform  noi’e  tests 
t.o  get  ectu.al  data  to  refine  the  details  of  the  formu  lati  0,1. 

M-any  coefficients  or  constants  u.sed  in  the  method  rro  as.suined  to  be 
obtained,  before  computation,  from  experimental  .tieasu  rement.s ,  s'.iiilar  items  or 
rrioy  be  computed  using  general  ela.sticii.y  equations  ot  iLu'te  elovuent 
pro, '-rams.  Either  average  value  or  ta  ulated  v.alues  may  be  iisel.  Tee  method 
of  computing  coefficients  at  each  timi  step  in  not  used  and  th.i.se  constaut.s 
.are  saved  once  they  have  been  compered  p  rev  i  o.j.*  ly .  T- is  reduces  coirqjutiug 
time . 

The  resisting  momor.t  at  the  rotation  band  which  ncta  against  the 
trarrsverso  turning  of  the  projectile  may  be  Obtaiucd  by  either  test  or 
compu  r.i  t  i  on  s  .  Since  the  yaw  .angle  is  rather  .small,  this  momcr  t  is  ignored  in 
the  compu  t  a '■  i  on  by  using  a  zeio  coelticienC  oi  resi 'tanr  moment-  Th  ’  s 
onsnittance  mav  have  rather  sir.all  effect  when  the  width  of  the  rot.-iting  band  is 
small  ■zoi.q'erc'l  lo  the  bou  r  re  1  e  t -i  o  tat  i  ng  band  di.stance. 

In  the  formulation  of  the  ,ae rody naiai c  forc's  or  air  resistanci  ,  which  acts 

oil  th--  front  portion  of  the  projectile,  a  technique  simil.ar  to  th.oL  of 

ae  rody  iLi  mi  c  a  is  usfd  in.stead  of  computing  a  un  Lfonnly  distributed  air  pressure 
on  a  fiat  surface.  Tlie  air  i'3  compressed  c'urough  the.  inevoa  t  ube.-bou  it  e  1  et 
clearance  .and  acts  ca  the  eylindrica’  portion  of  the  projectile,  in  addit.-an 
to  acring  on  the  nose  portion.  ’.he  projectile  h-i  not  always  p.iraltel  to  the 
tube  axis,  c  r  ttu  rc  i.s  a  )  aw  motion.  Tlui  s  the.  .ir  pre.ssure  s  net 
iiecessar  i!/  u'liforinly  a  up  1 1  cd  on  the  fi.'nt  p  I'tion  of  the  proiect.ile.  In 

tiicoi  y  the  total  force  should  he  outaineJ  Lro.n  the  integration  o!  air  pressurt' 
on  .1  K  .siufare.s  ot  this  f.-.mt  portion.  This  pri'cedure.  is  si-iiilar  to  coinputiug 
re  rod '/ iia  ml  c  forc-.is.  ’tiie  p.'oblom  now  is  h-jw  to  tletcriuLn'i  experimentally  the 
re-latcd  c  o-.i  f  L  i  c  i  en  t  s  and  p  .unanu' te  r«  -  At  pi-esent,  there  is  no  data  available, 
.and  soma  .1  ss  nmed  values  b.ised  on  test  r.hsLa  of  s..'Iid  objects  tiiov  rng  in  air  art- 

us'd,  01  toe  fere  :s  ate  ignorci!  by  usrng  -xe.o  coe  t  C  i  c  i  rut  s  . 
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From  all  computations,  it  is  S3en  that  the  projectile  c.r.  eccentricity 
anJ  bourrelet  contact  arc  essential  to  the  piojectiTo  rsotior.  and  the  tube 
vibration,  liie  moment  induced  by  the  base  pressure,  resultant  or  setback  force 
at  the  projectile  c.f’.,  depends  on  the  location  of  the  projectile  c-g.  v^ith 
respect  to  the  projectile  itself  and  the  tube  axis.  The  spring  constants, 
tube~bourre1  ft  clearance,  engraving  of  rotating  band,  etc,,  further  affect 
this  state.  To  reduce  the  projectile  balloting  motion  and  tube  vibrations  it 
is  essential  to  decrease  c.g.  eccentricity,  and  the  tube-bourre let  clearance. 

CONCLUSION 

Successful  computations  in  gun  dynamics  depends  on  the  proper  formulations 
of  forces  acting  at  the  projectile,  and  the  description  of  the  proj  cc  t  i  ie"gun 
tube  irteraction  forces  which  excite  the  tube  vibration.  llie  intrcduction  of 
an  elastic  deformation  force  at  the  bourrelet  and  the  rotating  band  instead  of 
the  traditional  atereomechanica 1  impact  make  the  conpu ia t ion  practical  and 
accurate.  Projectile  in-bnie  motions,  such  as  that  of  M483,  XM673,  XM712, 
M107,  e'''c.,  have  been  computed.  Tliere  arc  many  correlations  between  the 
computations  and  Che  field  tests. 

The  introduction  of  the  two  point  force  technique  to  replace  the  point 
mass  approximation  includes  the  important  effect  of  momenL  which  is  the 
product  of  the.  base  pr(».ss'jrc  resultant  and  the  projectile  c.g.  eccentr  ic  i  ty . 
This  incre<'ises  the  exciting  force  of  tube  vibration  and  thus  the  computed 
results  arc  no  longer  small  as  computed  with  the  traditional  point  mass 
approximation.  Thus,  this  technique  can  eliminate  the  computation-test 
discrepancy  which  has  long  puzzled  scientists  and  engineer.s  itj  the  field.  The 
computations  oi  the  MIU'iA  gun  with  the  .iA83  projectile  and  the  M68  gnn  with 
ttic  N392A2  projectile  both  show  that  the  comput:ed  results  can  exceed,  be  less 
than  or  match  the  test  data,  depending  on  the  variations  of  parameters,  such 
as  spring  constants,  pro jec ti Ic-gun  tube  clearance,  etc,,  and  especially  the 
projectile  c.g.  eccentricity. 

from  nil  computations,  it  is  seen  that  the  majvnitude  of  the  projectile 
c.g.  eccentricity  and  c  ub  e-p  ro  j  ec  I.  i  le  clearoriLU  >iav(?  a  large  effect  oa  the 
projectile  balloting  motion  and  the  tube  vibration.  Tne  moK.en  t  induced  by  the 
base  pre.ssiire  resultant  or  setback  force  at  the  projectile  c.g.  depends  on  the 
locntioa  of  the  prcjei.tile  c.g.  with  respect  to  tlie  projectile  itself  and  the 
tube  axis.  T!ie  spring  cousL.ant.s,  tjbe-l'Ourrelet  cloavanco,  ami  the  engraving 
of  rotating  hand  further  affect  the  condition.  To  reduce  the  projectile 
ball.olirig  and  tube  uibrntii5ns,  it  is  essential  to  decrca.sn  t'-.e  effecr  of  these 
parameter.':,  especiai’y  the  c.g.  eccentricity  and  tubo-t)LO  jec  L  i  le.  c.l<*arari('t' . 
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Tt  ad  i  t  i  iina  I  I  y  ,  tlu-  ti-n.is  I  iy.htwi-iyjit  aiul  lonj;  raimt',  when  applied 
t -a  artillery  wt-apens,  havi-  Ik  en  mutually  exclusive  givi  1  s .  Tn  nhtain  a 
s  i);;i  i  i  h  aiil  i  in  re,;se  in  ran)’,e,  the  imtuilse  ap'iilie-i  le  the  weapon  sirueliire 
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ap-plied  to  I  he  weapon  structure  becomes  critical  as  saletv  factors  and 
St  ate-ot -tlic-art  lightweight  irateri.ils  ai'i.'  utilised. 

Traditional  recoil  dosi);n  iuvolvi-s  throttling  hydraulic  oil  through 
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I'lec,  rai:'.i'u  d  and  designed  around,  ideal  parameters  which  rarely  exist.  The 
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LIGHT  ARTILLERY  RECOIL  MECHANISMS 
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U.S.ARMY  ARMAMENT  RESEARCH  AND  DEVELOPMENT  CENTER 
LARGE  CALIBER  WEAPONS  SYSTEMS  LABORATORY 
WEAPONS  DIVISION 
DOVER,  N,J.  07801-5001 

1  i  a  L  r  oduct  l_o_vi 

T  r  ad  I  L  I  o  na  L  1  y  j  Clic  terms  lightweight  and  long  range,  when 
applied  to  artillery  weapons^  have  been  mutually  eTcclusive  .  In 
order  to  obtain  long  range  capability,  the  impulse  applied  to 
the  projectile  must  be  large.  Due  to  the  realities  of 
conservation  of  momentunij  this  same  impulse  is  also  imposed  upon 
the  supporting  structure-  This  applied  impulse  has  a  negative 
aflect  upon  stability-  Compounding  the  stability  problem  is  a 
decrease  in  weapon  mass  resulting  from  lightweight  design 
requirements-  Reduced  tiring  loads  are  mandatory  if  truly 
liglitweight  artillery  with  acceptable  range  characteristics  is  to 
be  realised.  Consequently  novel  approaches  to  recoil  energy 
manage mt  .t  are  necessary- 

Th'  numerous  design  considerations  essential  to  attaining  a 
lightweight,  long  range  weapon  are  outlined  in  the  following 
sections  of  this  paper. In  section  2,  performance  characteristics 
for  a  lightweight  155mm  howitzer  are  discussed  and  methods  of 
obtaining  tliese  characteristics  are  described.  In  section  3, 
basic  recoil  mechanism  design  is  reviewed  and  shortcomings  of 
present  systems  are  presented.  In  section  4,  the  concept  of 
electronic  feedback  recoil  control  is  introduced.  Finally,  in 
section  5,  two  approaches  to  lightweight  r(?coil  mechanism  design, 
augmented  with  electronic  control,  are  described- 

2  .  Design  Approa  r_  a  _L  i_g  h  t  w^e  i  g  b_t  H  ojv  i  ^_e  r^ 

The  Army  Research  and  Development  Center,  Dover,  NJ  ,  is 
developing  a  full  scale  1  i gh t gwe ig h t  ,  155mm  towed  howitzer 

feasibility  demonstrator.  The  weapon  must  have  the  same 
performance  cha r a c t e r i s 1 t cs  as  the  M198  towed  howitzer  but  weigh 
9,0UU  pounds.  Sei(^cted  periormance  crit(!rla  of  the  Mi98  are 
listed  below . 
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M198  Towed  Howitzer 


Total  weight  - 

Maximum  breech  force  - 

Maximum  applied  impulse- 
(with  muzxli  brake) 

Weight  of  recoiling  parts- 

Maximum  trunnion  force- 


16,000  lb 

I, 500,000  lb 

II, 400  lb-sec 

7,000  lb 
80,000  lb 


Thus,  overall  weight  reduction  of  approximately  44  percent  is  the 
desired  goal.  Thi-  use  of  state-of-the-art  composite  materials 
Including  glass/epoxy,  g r aph i t e / e p ox y ,  Kevlar  and  metal  matrix 
are  being  investigated  as  alternatives  to  more  traditional 
homogeneous  metal  construction.  Further  weight  savings  can  be 
realized  by  reducing  structurai  safety  factors.  Through  the  use 
of  finite  element  analysis,  critical  areas  of  the  weapon  can  be 
determined  and  maximum  stress  levels  can  be  established.  This 
analysis  presupposes  a  specific  input  force;  this  force  being 
generated  through  the  recoil  raochanism.  It  structural  safety 
factors  are  reduced  it  is  imperat i ve  that  the  applied  load  be 
consistent.  Unfortunately  traditional  recoil  mechanism  design 
cannot  be  relied  upon  to  provide  consistent  applied  force. 


3.  Recoil  M  ech  ^_i_s  i^_De  s  i_gn_ 

Conventional  large  caliber  artillery  recoil  mechanisms  are 
comprised  of  three  basic  components^  a  recoil  brake,  a 
c ount e r re  CO i ]  mechanism,  and  a  coun t e r r e c o i I  buffer.  The  recoil 
brake  provides  controlled  resistaace  to  weapon  recoil  by 
throttling  liydraullc  fluid  tiirough  a  variable  orifice.  The 
c  o  II  a  t  e  r  r  eco  i  1  mechanism,  or  "recuperator"  returns  the  recoiling 
parts  to  ttie  initial  tiring  position  by  storing  and  releasing  a 
portion  of  th.e  recoil  energy.  The  co  u  n  t  e  r  r  ec  o  i  1  buffer  reduces 
c oun t e r r eco 1 1  velocity  of  the  moving  parts  to  zero  through  a 
hydraulic  fluid  throttling  process  similar  to  the  recoil  brake. 


Ideally  the  recoil  brake  should  throttle  hydraulic  oil  such 
that  a  rectangular  retarding  force  verses  recoil  distance  Is 
obca  ned.  See  figure  I-  Since  the  area  under  tills  curve 
represents  the  work  necessary  to  stop  the  recoiling  mass  ,  a 
rectangular  curve  will  yield  the  lowest  retarding  force  lor  a 
given  recoil,  length.  Theoretically,  the  only  limit  to  this 
reduction  In  retarding  force  is  the  physical  constraints 
associated  with  length  of  recoil.  These  conslralnts  are 
aLiributabie  primarily  to  weapon  cod f Lgur at  lo n . 
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RECOIL 

FORCE 


Figure  1  -"Ideal"  Force  Versus  Stroke  Relationship 


The  M198  towed  howitzer,  as  an  example,  can  accomodate  the 
following  recoil  lengths 


Propelling  Charge 
Des ignat ion 

Nominal  Recoil  Length  (in) 

M3 

2.5 

M4 

45 

Ml  19 

62 

froHn.'od  tn  SO  for  hlcb  elpvatlnnl 

M203 

70 

(reduced  to  50  for  high  elevation) 

Reduced  recoil  length  at  high  firing  elevations  Is  necessary 
to  prevent  the  recoiling  parts  from  striking  tl  a  ground.  Thus 
the  weapon  supporting  structure  must  be  designed  to  withstand 
th. is  "worst  case"  retarding  force.  In  the  instance  of  the  M198 
towed  howitzer,  the  worst  case  is  the  retarding  force  associated 
with  the  impulse  from  the  M203  charge  and  a  50-  inch  (nominal) 
recoil  length. 

In  order  to  generate  a  constant  retarding  force,  a  variable 
throttling  orifice  is  required-  This  is  necessary  due  to  the  very 
high  input  force  which  must  be  attenuated.  The  procedure  for 
determining  a  preliminary  orifice  "profile"  is  well  established, 
(refs.  1,2, and  3)  and  is  not  repeated  here.  However,  it  must  be 
stated  that  for  any  preliminary  recoil  brake  orifice  profile 
design,  two  parameters  are  essential; 

9  Total  applied  Impulse  (lb-sec) 

•  Total  length  available  for  recoil  (in) 

This  information  is  just  the  first  of  numerous  assumptions 
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madij  ill  Lh(j  design  iirocess.  UltimaloLy  due  to  practical 
realities  of  machining  operations,  hydraulic  fluid 
compressibility,  and  turbo!. -nt  fluid  flow,  many  iterations  ar 


n  e  c  e  s 

sary 

to  o  b  t  ,a  i  n  a 

w  o  r  k  a  fi  1 

e  system.  Computer  modi 

'Is  must  be 

m  o  d  1  1 

led  w 

i  t  ii  1  1  n  i  d  d  i 

s  c  h  a  r  ,g  e 

coi'  f  1  i  c  1  e  nt  s 

to  obtain 

a  suitable 

mat  ch 

to  1 

i V  e  fire  ( 1  a  t 

a  . 

A 

s  tl  i  s 

c  u  s  s  0  d  p  r  e  V  i 

o  u  s  1  y  , 

m.i  X  i  mum  force 

red  u  c  t i on 

is  possible 

only  when  in  a  x:  i  in  u  m  recoil  stroke  is  utilized.  While  the  o  r  i  I  i  cc 
profile  is  designed  to  do  just  tliat,  many  system  variables  tend 
to  jpset  L  li  i  s  ideal  lorce  versus  stroke  r  e  1  a  t  1  o  n  s  li  i  p  .  Those 
i  n  e  1  u  d  I' 

•  Variations  in  maximun  impulsi'  due  to  production 
to  ie ranees  in  propellant  manufacture, 

0  Propellant  temperature  variations  due  to  varying 
climatic  conditions  whicli  change  the  maximum  impulse  profile. 

0  Ma  nn  I  a  c  t  u  r  i  ng  tolerances  in  Liie  tiirottling 

o  r i f i ce ( s  )  . 

o  lo  mpe  r  a  t  u  r  e.  Induced  hydraulic  fluid  viscosity 

changes  . 

In  essence,  tlie  recoil  brake  throttling  orifice  is  a  pre¬ 
programmed  device  designed  around  ideal  parameters  "hlch  rarely 
exist.  This  may  result  in  a  non-opt imi zed  iorce  versus  stroke 
relationship  during  firing.  If  weapon  weight  and  stability  are 
not  concerns,  this  approach  to  recoil  design  is  satisfactory. 

The  lightweiglu  artillery  challenge  liowover,  requires  an 
et'i  ective  and  consistent  energy  dissipation  system, 

4-  Microprocessor  Co^'trol  ot  Weapon  _R_e  coil  Energy 

In  order  to  ensure  cons  is  tent  recoil  operation  regardless  of 
the  system  variabl<;s  mentioned  above,  the  concept  of  closed-loop 
feedback  control  has  been  investigated.  The  concept  of  throttling 
recoil  oil  through  a  constantly  variable  orifice  controlled  by  a 
f  Cl  diiack  syst  m  is  not  new.  It  was  described  in  a  1  9  7  7  Rock 
Island  Arsenal  Technical  Report  (ref. 4)  but  was  never  pursued. 
The  reason  for  this,  i..  the  .author's  opinion,  was  twofold. 


a  Microprocessor  tt!chnology  was  not  then  sufficiently 

developed 

s  I' he  high  degree  ol  "tinesse"  alluded  to  was 

unnecessary 

T'ae  advantages  of  electronic  control  include  L  lie  lollowi.ng: 
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a-  Variable  recoil  lengLh  -  Many  artillery  recoil 
mechanisms  have  provision  to  shorten  the  recoil  stroke  for  high 
elevation  firings.  As  discussed  in  section  3,  this  is  necessary 
to  prevent  the  recoiling  parts  from  contacting  the  ground  during 
recoil.  The  mechanism  necessary  to  accomplish  this  reduction  in 
stroke  adds  considerable  mechanical  complexity  to  the  recoil 
system.  This  can  be  alleviated  by  providing  the  microprocessor 
with  a  weapon  elevation  input-  The  microprocessor  could  then 
perform  the  trigonometric  calculations  necessary  to  determine 
available  recoil  length.  Recoil  resistance  could  be  adjusted 
accordingly. 


b.  Counterrecoil  control  -  The  system  used  to  control 
recoil  could  be  used  to  control  count e r r eco i  1  as  well. 
Throttling  of  hydraulic  oil  can  bo  programmed  to  ensure 
consistent  buffing  action  and  return-to-battery.  This  would 
eliminate  the  need  for  separate  count e r re co 1 1  passages,  thus 
further  reducing  mechanical  complexity. 


c.  Elimination  of  control  orifices  -  Traditional 
artillery  recoil  mechanisms  employ  control  rods  or  grooves  to 
throttle  oil.  These  orifices  are  precision  macliiiKu  and 
therefore  costly  to  manufacture.  Furthermore  the  final  design 
is  of t< n  done  by  tedious  iteration  with  prototype  hardware.  This 
is  both  expensive  and  time  consuming.  Precision-made  control 
oriilces  can  bo  eliminated  through  Incorporation  of  a  constantly 
variable  throttling  orifice. 


d.  "Tailoring"  of  the  recoil  force  versus  stroke 
profile-  As  discussed  in  section  2,  one  approach  to  weight 
savings  to  to  apply  a  consistent  load  such  that  structural  safety 
factors  can  be  reduced.  The  weight  savings  gained  through 
Incorporation  of  reduced  safety  factors  is  of  little  value, 
however,  if  weapon  stability  Is  not  maintained.  Practically 
speaking,  the  weapon  must  not  jump"  or  "hop"  wtien  fired. 
Unfortunately,  a  lightweight  artillery  piece  is,  by  nature,  more 
prone  to  instability  due  to  the  reduction  of  overall  mass. 
Consider  the  free  body  diagram  of  forces  acting  on  the  weapon 
(  f  i  g  .  2  .  ) 
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By  summing  moments  about  point  A  it  can  ho  si  on  that  the  gun 
system  will  remain  rotation  ally  stable  as  long  as  the  count or- 
c  ockwiso  moments  irom  tlio  v-telght.s  oi  the  recoiling  parts  (Wr), 
and  carriage  assembly  (Wo.)  exceed  the  clockwise  moment  from  the 
forci-  that  ttie  recoiling  mass  exerts  on  the  carriage.  The 
condition  foi  stab  LI  10,-1  is 

'RECOIL  FORCE  (L3]<W,(l,-x>W,  L, 


Note  that  as  recoil  progresses  to  the  right,  the  counter- 
ciockwise  moment  troni  the  r  coiling  weight  decreases  due  to  tlie 
moelng  center  oi  gravity  of  the  recoiling  parts;  therefore  the 
condition  lor  stability  is  most  critical  at  the  end  of  tlie  recoil 
stroke.  While  this  condition  does  not  override  the  primary  goal 
of  maintaining  a  consistent  recolL  force  as  low  as  possible,  it 
demonstrates  that  the  recoil  force  should  not  iiKrrease  during  the 
final  portion  of  the  stroke.  It  would  be  entirely  poss.ble  for 
the  microprocessor  to  tailor  the  force  versus  stroke  profile  to 
improve  stability  of  a  lightweight  weapoti. 

The  constantly  variable  fluid  throttling  orifice  thus 
described  is  envisioned  as  a  m i c r u p r oce s so r -a c t 1 va t ed  servovalve 
operating  as  a  fluid  bypass.  A  schematic  of  this  system  is  shown 
in  figure  3. 
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F I  c:  U  R  F_  _  3_._  -  MICROFR  0  C  F_S  S  0  R  -  W  N  TRO  L_L  _B  V  PAS  S  V  A  L  V  p: 

Assuming  various  factors  such  as  rcoil  force,  position, 
velocity  and  acceleration  arc  available  to  the  microprocessor  in 
rea  time  during  the  recoil  stroke,  optimun  recoil  energy 
dissipation  can  be  programmed.  Two  control  algorithms  have  been 
developed  (r-.f  5)  to  accomplish  this  and  are  described  below 

Level  I  Control  -  Maintain  a  Preset  Recoil  Force,  The  recoil 
force  or  tVie  force  transmitted  to  the  weapon  supporting 
structure  can  be  monitored  and  maintained  at  a  preselected 
value.  This  value  could  he  mathematically  or  empirically 
determined  such  tliat  the  total  available  recoil  stroke  is  always 
utilized  for  a  specific  Impulse  Input-  If  actual  recoil  force  is 
less  than  the  preselected  value,  the  servovalve  would  be 
commanded  to  shift  to  tlie  closed  position  If  recoil  force  Is 
greater  ttian  the  preselected  value  the  valve  would  sliiit  to  the 
full  open  position- 

Th  controi  algorithm  described  -above  is  very  simple,  yet  it 
has  the  potenciai  for  ^ruo  o  pti  m  i  z_a  1 1  oj^  of  each  recoil  stroke 
through  thi!  concept  of  closed  loop  teedback  -'ontrol. 

JLovel  2  _C  o  n  t  r  o  I  j  _C  omj)  u_t  e  l^coil  t  c_e  J )  u_r  ^n  g_  F^rln_g^  A  i  ore 
sophisticated  approach  to  effective  recoil  energy  dissipation  is 
to  dynamically  determlni'  required  recoil  force  during  recoil  , 
This  has  the  advantage  of  not  requiring  advance  knowledge  of  what 
impulse  is  to  be  expected- 

This  technique  equates  the  mechanical  energy  o  t  the  rt?  coiling 
mass  to  the  amount  oi  work  necessary  to  stop  the  re colling 
parts.  The  work  eiurgy  relationship  is  tirst  established.  For  a 
simple,  o  n  a  - d 1 m  e  n  s 1 o  n  a  1  recoil  mechanism,  motion  is  governed  by 
Newton's  second  law 
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wliLTo;  F“  sum  «)t  .'ill  lorri's  a  c  Liny  on  the  reco 
in  I- o  1.  <1  n  i  s  11!  in  the  direction  ot  motion 
(lb) 

M =  Mass  o I  r  e  c  o i  I  i  n  y  parts  (slugs) 

X=  Acceleration  ol  recoiling  parts 
(  i  t  /  s  e  c  )  - 

Figure  4  illustrates  a  Lri-e  body  diagram  ot  torccs  acting  on  a 
typical  artillery  recoil  mechanism- 


+  direction  of 

MOTION 


F  ig  u  r  e  r_ce_s  _Ac_t  i_ng_oii_  aii^  Artli  lery  R  e  cj^.  1_  M  c_c  h  s  m 


where:  B ( t  )  =  P r o pe  1 1  a n t  gas  force  as  a  function 
ot  time  (lb) 

K  =Recotl  resistance  (lb) 

=Mochanicai  friction  due  to  recoil 
mechanism  movement  (lb  ) 

W,  =W eight  ot  r  coiling  parts  (lb  ) 

0  =Anglo  ot  elevation  of  weapon 
(degrees  ) 

Arbitrarily  assuming  a  positive  direction  as  shown  in  figurt?  3, 
ecluatiori  2  can  be  re-written  as 

Recoil  distance  is  introduced  witli  the  loLlowlng  substitution: 


yielding 


/l( 


^-t)m^sir)0-k-r,=r 
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LaLegratlon  condition  at  some 
^  the  velocity  is  V),  a  tlnal 
stroke. xinax  (where  recoil  velocity 
z^•r^)),  ;ind  assuming  recoil  torci*  (k)  is  to  be  maintain-'d  a.  a 
constant  value j  equation  6  becomes 

2  ^/TXtX'  ^ 


I 

ng  an  initial 
d  i  s  L  a  n  c  e  ,  X  ,  (  w  li  e  r  ■ 

at  m a X i m u m  recoil 


S  o  1 V  i  ng 


A'/ 

Equation  lor  recoil  resistance 


(k) 


X 

results 


1  n 


/ 


Xnk(K-Xi 

Equation 


+  W^s/nO 


1  s 


(B) 


X 

8  becomes  the  "control  equation"  used  to  compute 
recoil  resistance  during  the  recoil  process.  While  the 
microprocessor  could  probably  update  the  computation  quickly 
enough j  the  mechanical  transducers.  A-D  converters  and  servovalve 
action  may  be  "too  slow"  to  effect  the  proper  change.  Although 
tills  has  not  yet  been  esrahlisiied  rhrough  losI,  it  ceiLainly 
would  be  doblrablo  to  simplify  equation  8  to  reduce  computation 
time.  This  could  he  ac c omp 1 1 s hed  using  the  following  logic. 


A  comparison  of  the  magnitude  of  forces  used  in  equation  8  as 
a  function  of  recoil  stroke  for  a  typical  artillery  recoil 
mechanism  Is  depicted  in  figure  5.  It  is  evident  that  the 
friction  and  wciglit  terms  are  not  large  co  n  t  r  i  hu  t  ■■  rs  to  the  work- 
energy  relationship.  Realizing  that  friction  tends  to  reduce  the 
r.icoil  rsistance  force  while  the  weight  contribution  tinds  to 
Increase  It,  it  would  be  prudent  to  include  the  weight 
computation  and  to  simplify  equation  8  ,omit  friction.  This  will 
ensure  the  stability  requirement  is  met  since  recoil  force  will 
not  increase  as  recoil  action  progresses. 


f'urtlier  simplification  of  equation  8  is  jiossible  If  the 
breech  torce  component  is  ignored.  Tliis  may  appear  radical  since 
tlu;  breech  force  Is  the  largest  force  applied  to  the  weapon; 
liowo'/er,  it  acts  for  only  a  Iractlon  of  flic  total  recoil 
s  l  roke  .  Furthe  rniore  ,  the  computed  value  would  only  be  correct 
alter  B(t)  b. comes  n-gliglble.  Ignoring  Breech  lorce  would 
require  the  servovalve  to  control  recoil  force  to  a  preset  value 
untiL  the  majority  oi  it  (the  breech  force)  has  been  applied. 

This  value  could  be  the  maximum  recoil  force  the  weapon  Is 
designed  to  handle-  Incorporating  tlie.se  decisions;  equation  8  can 
be  i-  e  w  r  i  1 1  e n  as 
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The  <:)bvlous  queslion  is  at  what  pointy  durinj;  recoil  should 

control  transition  from  preset  r  o d  p u  1  I  to  1 1 1 e  e a  1  i'  1 1  1  a  t  e  rl  r  o d  p  n  1  I 

computed  in  ocjuatlon  9.  This  could  occur  when  the  acceleration 
o  I  the  r .  c  o  i  1  I  ng  parts  changes  sign  1  r  oin  positive  to  negative, 

l:  Llie  weapon  employs  a  muzzle  brake,  transition  would  occur  when 

tile  muzzle  brake  a.ctivates.  It  a  muzzl"'  brake  is  not  used, 
acceleration  will  change  sign  when  the  breech  tovee  is  reduced  to 
a  level  below  the  combiuid  ricoil  resistive  force  and  irictional 
lore  e 

There  are  both  physical  and  computational  problems  with 
eiination  9  during  the  final  portion  of  the.  recoil  process  which 
need  to  he  addressed.  Due  to  the  Inevitable  leakage  of  jiiston 
seals  and  variations  in  frictional  and  recuperator  forces  the 
recoiling  mas:;  would  inver  stop  at  precisely  tlie  specified  xmax  . 
This,  ill  turn,  causes  k  to  become  undefined  as  xmax  is 
approached.  In  order  to  prevent  this, a  controlled  closure  of  the 
servovalve  should  be  provided  at  a  specified  distance  from  xmax. 

This  approach  to  n  coi I  mechanism  control  has  been  simulated 
(ref. 5).  The  results  are  encouraging,  and  prove  the  viability  of 
this  approacti  to  rucoi  1  control. 

Implementation  of  tin  microprocessor  recoil  approach  n  suits 
111  some  concerns.  They  include: 

a.  The  substitution  of  electronic  cumplexity  for 
meciianlcai  complexity.  It  must  bo  acknowledged  however,  that 
eiectrvinics  have  iiroveii  their  dependability  in  tlie  aerospace  and 
automotive  fields,  therefore, This  may  not  be  a  deterrent. 

b.  Input  ot  energy  is  neces.sary  to  "manage"  recoil 
energy  dissipation. (  Klectrical  energy  is  required  to  power  the 
m  1  c  r  o  p  r  u  c  i’ s  s  o  f  and  a  high  pressure  fluid  source  is  required  to 
shift  the  servovalve.) 

c.  M 1  c  r  o  p  r  e  c  t  s  .s  o  r  lailure  could  he  critcal  it  a 
redundant  backup  is  not  provided, 

r  he.se  comments  are  not  me.int  to  discourage  the  approach,  but 
merely  to  point  out  unique  problems  not  previously  encountered  in 
recoil  mechanism  design. 

b  .  h  ig^twei  j^h  t  Ar  t  i  L_lerj'_  Recoi  Mechanisms 

Lowered  recoil  force  is  mandatory  lor  a  lightweight  artillery 
piece.  There  is  no  magic  involved  in  achieving  this,  lowered 
force  levels  c.in  he  achieved  only  by  increasing  eltective  recoil 
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li'iij-th-  II  lIiIh  can  be  a  c  c.  om  p  1  i iio  d  ,  the  mi  c  r  o  p  i  o  c  c  s  o  r  can  i^np- 
ervise  the  recoil  process  to  eii.su  to  that  the  total  recoil  stroke 
is  .always  u  t  I  M  z  e  <1  . 

'I'wo  approaches  to  1  i  ji;li  I  we  Igh  t  recol  !  n.c  c  li  a  .1  i.  s  m  s  are  described 

in  the  lollowliij]  paragraphs.  These  concepts  are  not  nc'v  hut  with 

(he  addition  ot  microprocessor  control,  become  viable 
.1 1  I  e  r  na  t  I  V  e  s  lor  a  llj^htwelght  artillery  application. 

.hiiper  hong  Keioi^^  -  Using  a  conventional  cycle;  l.e-  lire-reeoll- 
r  «.■  t  n  r  n  to  battery,  but  Incorporating  I  110  Inches  lor  recoil 
t  ravel  .the  lorcc  iiniiarted  lo  the  weapon  can  lie  reduced  by  30 
|i.- r  c  i- n  l  .  T  li  i  s  reduction  in  force  Is  dni'  to  more  than  doubling  the 
icng.th  ol  r-coil.  An  artists  sketeb  ol  one  possible  apjiro.uh  is 
s  ho  wn  In  figure  b . 

Utilization  ol  t  li  i  .s  ;ipi>roacli  does  have  dt  .iwhacks.  'I'lies.' 
include: 

a.  Drastic  changes  when  comiiarc'd  to  a  c  o  n  v  e  ii  t  I  c  n  ci  1 

weapon  earrLa/,e.  For  ('\ampLe,  a  signllicant  iiu’.rea.se  in  weapon 
height-  This  would,  in  turn,  n  i-  g  a  t  I  v  c  1  y  a  i  1  e  c  U  the  vehicle's 
.silhouette,  naking  It  more  "spot  table". 

b.  Loading  the  weapon  would  bo  more  dii  t  Leu  It  because 

L  b. e  b  r  0  e  el',  i  s  !  ‘}.  f  r  .  o  f  f  t  h e  g r o  u  n d  =  T b. '  s  p  r  o h  1  e in  c  o  u  1  d  be 

ai  leviatc'd  by  programming  the  mi  c  ro  p  r  o  ce.s  s  o  r  to  bring  tlu' 
recoiling  parts  to  a  load  p os  1 1 ion , f o r 1 o wed  by  r e - p n s i  t i o n i ng  for 
f  i  r  i  n  g  . 

Soi  t_  keo^i  1_2,  Ferhdp.s  the  most  Lot  ri  gulag  .".piiroach  to 
lig.ht  weight  artillery  recoil  systen.s  Is  the  concept  of  soft 
recoil.  The  basic  idea  ot  soft  r-'coll  is  cmlvodied  by  its 
f  u  n  d  .ime  n  t  a  I  1  y  different  se<juence  of  operatiOiis  when  compared  to 
t  lu>  c  o  n  V  n  n  L  i  o  n  ;i  I  r  >  ■  c  o  I  1  cycle.  This  d  i  '  i  e  r  i.-  nc  n  is  g  r  .a  p  1 1 1  c  a  1  I  y 
illnstr.ated  in  figure  7- 

In  o  n  V  e  n  t  i  o  n  a  1  r-coil  mo  ch  .i  c  i  s  ms  ^  t  he  firing  inoinentmi'  is 
directly  transferred  to  recoiling  parts  that  .ire  at  rest  prior  to 
1  i  r  i  ng  .  This  momentum  is  then  absorbed  by  ihi'  supporting 
structure,  and  the  recoiling  parts  are  brought  to  rest.  In  soft 
recoil,  a  p  p  r  o  X  i  .sraa  t  e  1  y  lui  1  f  tlie  rnomentnni  of  the  projectile  is 
applied  to  the  recoiling  parts  by  acceletating  th«.'iii  In  the  tiring 
di  r.'Ction  PJ'io^  to  firing  the  projectile.  Firlnj’,  niomentuni  tiuis 
tran.sferred  to  the  toward  movl'ig  recoiling  p.irts  stops  dind 
propels  chem  to  the  r.-ar.  In  etfcct,  recoil  ien;',th  is  doubled 
;i  rul  tmi>arted  toward  momentum  is  absorbed.  The  sott  recoil  cycle 
can  r'  due'  forces  applied  to  the  s.ipportLiig  structure  by  more 
t  h  .a  n  hall  that  imposed  by  a  c  o  n  v e  n  t  i  o  n  .i  L  s  y  s  t  e  m  .  (  r  e  t  .  0  ) 
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Duf!  to  Lail-sate  devices  inccrporated  in  past  soit  recoil, 
me chanisms , the  existing  mechanisms  tend  to  be  heavy  and  complex 
simply  due  to  the  practical  realities  of  building  such  a 
weapon.  Specifically,  two  .onventtonal  "recoil  mechanisms"  art^ 
required,  one  at  each  end  of  travel.  This  Is  due  to  the  potential 
for  two  overload  conditions  which  may  occur  as  follows: 

a.  The  weapon  must  be  programmed  to  tire  at  a  foward 
recoiling  parts  velocity  commensurate  with  the  propelling  charge 
energy  released  during  combustion.  The  possibility  exists  to 
fire  the  highest  zone  (maximum  impulse)  at  lowest  foward 
velocity.  Tfiis  results  in  a  rear  overload  condlticn.  This 
condition  can  also  occur  due  to  propellant  "cook  off",  in  a  hot 
Lube  prior  to  the  Initiation  of  foward  velocity.  In  either  case 
the  imparted  energy  must  be  dissipated ^usually  through  a 
traditional  oil  throttling  process. 

h.  After  foward  velocity  is  initiated,  ignition  delay 
or  misfire  (failure  to  fire)  will  cause  a  forward  overload 
condition.  This  energy  must  also  be  dissipated  again,  usually 
through  an  oil  throttling  process. 

In  essence,  the  soft  recoil  approach  requires  a  h  ij^h _ degree 

of_contro_l^  during  the  recoil  process.  Timing  is  critical.  In 
addition,  stability  problems  are  Inherent  in  the  design  if  it 
dO';s  not  function  properly. 

It  is  suggested  that  microprocessor  technology  can  be 
incorporated  to  "manage"  the  entire  soft  recoil  cycle.  This 
management  could  consist  of  the  following; 

a.  Prior  to  firing, ensure  that  the  proper  zone,  l.e. 
requir.-d  toward  velocity^  is  input  into  the  weapon  control.  This 
could  consist  of  a  keyboard  excerise,  or  manual  verification  of  a 
firing  comm  a  Fid.  This  could  eliminate  the  rear  overload 
condition. 

b.  K 1 e c t r o n i c a 1 i y  monitor  foward  velocity  and  initiate 
firing.  The  tiilcroprocessor  could  monitor  propellant  temperature, 
changing  frictional  forces  and  store  past  firing  p/er  forma  nee  so 
that  firing  is  Initiated  at  just  the  right  instant  based  on  the 
action  of  the  part icular  weapon.  This  will  ensure  optimum  energy 
dissipation. 

c.  Assuming  a  misfire  or  Ignition  delay  occurs,  a 
controlled  shutdown  is  initiated  by  throttling  oil  through  a 
servovalve.  The  recoil  shutdown  force  profile  could  be  designed 
sucli  that  weapon  stability  will  be  maintained.  This  could  be 
accomplish.-d  with  "tipping"  sensors  to  maintain  overall 
stability. 
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d.  On-board  diagnostics  will  ensure  tlie  weapon  will  not 
be  destroyed  due  to  failure  of  a  roplacable  fail-soft 
component.  Assuminmg  an  overload  condition  occurred,  such  that  a 
sacrificial  energy  absorber  was  used,  for  instance, in  lieu  of,  or 
in  addition  to,  servovalve  throttling,  tiring  would  be  prohibited 
until  a  replacement  was  made. 

These  "management"  options  are  only  suggestions  of  what  is 
[jossible  with  microprocessors  controlling  soft  recoil.  It  is 
essential  to  riview  s  t  a  t  e -o  f  - 1  h(? -a  r  t  soft  recoil  to  fully 
appreciate  the  problems  associated  with  this  concept.  The  U.S, 
Army  has  constructed  ..nd  type  classified  a  i05mm  soft  recoil 
howitzer,  designated  M204.  An  excellent  synopsis  concerning  the 
development  ot  this  weapon  and  can  be  found  in  reference  6, 
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Abstract 


In  order  to  arrive  at  a  decision  in  regard  to  the  development  of  a  flick 
raniiTier  for  the  Howitzer  Improvement  Program  the  compatibility  of  the  fl  ick 
ramming  environment  with  large  caliber  fuzes  was  investigated.  The  fuzes 
investigated  were  the  M557,  M739,  M577,  XM762,  M732  and  M572.  The  only 
possible  area  of  concern  uncovered  in  this  investigation  was  the  Ml  delay 
plunger  (used  in  the  M557,  M572  and  M739  fuzes)  and  Its  successor  the  impact 
delay  module  (IDM)  which  is  used  in  the  M739A1  fuze. 

The  centrifugal  pin  in  the  Ml  delay  plunger  has  been  undercut  to  prevent 
functioning  in  the  absence  of  a  spin  environment.  A  rarrge  of  setforward 
decelerations,  plunger  spring  preloads  and  frictional  forces  were  simulated. 

In  all  cases  trie  undercut  cn  the  cenf  r  i  fuga  I  pins  caused  the  plunger  assembly 
to  lock  up  before  it  could  function. 

Present  Assignment:  Mechanical  Engineer,  US  Army  Armament  Research  a 
Development  Ccfr.mand,  LCV/SL,  Picatinny  Aisenai,  Dover,  NJ  07801-5001, 
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1957-1969,  Physicist  Genera;  Electric,  Valley  For'ge,  PA,  1965-1967,  Physic  ist 
MIT,  Cambridge,  Massachusel  fs  1963  -  1965. 
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1  976. 
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Effect  of  Flick  Ramming  Environment 
on  Selected  Artlilery  Fuzes 
Robert  X,  Brennan 


US  Army  Research  and  Development  Command 
Large  Cal iber  Weapon  Systems  Laboratory 
Picatinny  Arsenal 
Dover  ,  New  Jersey  07801-5001 


To  insure  the  interchangeability  of  current  and  future  US  &  NATO  artillery 
fuzes  ammunition  used  in  the  flick  ranim  i  ng/autoload  i  ng  environment,  PM-CAWS  at 
Picatinny  Arsenal  initiated  an  experimental  and  theoretical  investigation  of 
the  compatibility  of  the  M557,  M739,  M577,  XM762,  M732  and  M572  fuzes  with  the 
flick  ramming  environment. 

In  May  1983  the  deceleration  G-level  required  to  seat  the  155min  round  in 
the  M199  gun  tube  of  the  M198  Towed  Howitzer  equipped  with  a  f  1  Ick  rammer  was 
measured  with  triaxia!  accelerometers.  Figure  1  shows  the  accelerometers 
mounted  in  the  fuze  wel I  of  the  155mm  M107  projectile. 


TO 


Ten  ramming  tests  were  conducted  through  a  range  of  elevation  angles  0  to 

f  A  e  TKrtt  ^  +^r  +  c  r\i  PH 

'  W/  '-i  IM  i'-'  Sj  y  ^.v.>iv..s,w  W  .w.w.  ■Vw..  C..W. 

deceleratIon-1  ime  traces.  The  traces  were  digitized  by  the  Hybrid  Division  of 
AFCC.  A  subset  was  used  to  provide  a  quantitative  time  dependent  forcing 
function  for  the  computer  simulafion.  The  highest  magnitude  of  pulse  observed 
on  these  traces  was  1800  G's. 


As  part  of  the  study  the  fuze  mechanisms  were  discussed  with  the 
respective  project  engineer's.  Those  components  about  which  there  was  some 
doubt  as  to  whether  they  could  withstand  the  flick  ramming  environment  werr 
subjected  to  analysis  and/or  testing. 
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The  first  step  In  determining  the  response  of  fuze  mechanisms  was  to 
measure  the  deceleration  G's  required  to  seat  the  155mm  round  In  the  M199  gun 
tube  of  the  M198  tewed  Howitzer  equipped  with  a  "Flick  Rammer".  In  the  fuze 
well  of  the  155nim  round  the  deceleration  G's  were  monitored  by  a  triaxial 


acce  i  eromef  er. 


f  I  ick  ramm i ng 
20°,  30°,  40°, 


The  mounting  of  the  accelerometer  is  shown  in  figure  1.  Ten 
tests  were  conducted  at  quadrant  elevation  angles  of  0°,  10°, 
50°,  60°,  and  70°.  These  tests  yielded  a  total  of  80 


deceleration-time  traces.  The  results  of  these  tests  are  shown  in  figures  2 


and  3.  Figure  2  shows  the  maximum  measured  values  of  the  deceleration  at 


the  fuze  wel  I  as  a  function  of  the  quadrant  elevation  angle  of  the  gun  tube. 
Figure  3  gives  the  range  of  ramming  speeds  generated  by  the  flick  rammer. 


These  80  analog  traces  were  digitized  and  processed  by  the  Hybrid 
Division  of  ARDC  using  a  program  called  "Hydra"^'^  .  The  maximum  axial 
deceleration  amplitude  was  about  1800  G's.  A  typical  trace  for  quadrant 
elevation  angle  30°  is  shown  in  fig  ure  4.  The  x  and  y  axis  are  transverse  to 
the  round  and  they  represent  bal lot ing  forces  The  z  component  is  directed 
along  the  longitudinal  axis  of  the  round.  The  HYDRA  program  can  expand  the 
time  scale  and  the  plot  is  shown  with  the  expanded  time  scale.  Since  the 
round  decelerates  when  being  seated  by  the  flick  rammer  the  sign  associated 
with  the  G's  should  be  negative.  Accordingly,  in  the  analysis  only  the 
negative  portion  of  the  z  component  was  used  as  input  to  the  analysis.  The 
positive  portion  of  the  trace  was  assumed  to  be  noise.  These  pulses  have  a 
typical  time  duration  of  2  m i I  1 i seconds.  These  durations  agree  wel I  with 
the  measurements  conducted  by  GE  for  the  Bundesamt  fur  Wehrtechnik  and 
Beschaffung  (Bi'/B)  1981  which  resulted  in  pulse  durations  of  1.8 
mil!  i  seconds.  In  a  series  of  tests  (:;onduc+ec!  at  Menpen  in  1983'^'  by  the 
BW3,  40  rounds  with  the  14759  fuze  set  in  the  delay  mode  were  flick  rammed  at 
33  feet/second  and  al I  the  rounds  subsequently  functioned  properly  on 
impact.  Twenty  fuzes  were  rnounft  )  on  the  L15A1  projectile  and  fired  at  high 
and  low  temperatures.  Another  20  were  fired  with  tne  M549A1  RAP  round  at 
high  and  low  temperatures.  The  ramming  G's  were  not  measured,  but  ttiey 
could  have  been  as  high  as  4,000  G's. 


As  a  comparison,  measurements  were  also  made  in  the  M185  gun  fube 
equipped  with  a  hydraulic  rammer'  .  Tills  ti  ace  was  also 
processed  by  the  HYDRA  program.  The  pulse  duration  is  again  2 
milliseconds,  but  its  peak  is  only  218  G's. 


The  fu:  ss  which  were  checked  for  compatibility  with 
were  the  M557^°\  M739^°^  M577”\  XM762'°\  and  M732'^ 


.the  flick  rammer 
^  fuzes. 


Discussions  were  held  with  the  project  engineers  on  these  fuzes,  and  those 
sub-assemblies  which  could  possibly  fail  as  a  resull  of  the  flick  rammer  sef- 


forward  force  were  identified.  The  following  sec+ions  of  this  report 


summarize  the  analysis  and  laboratory  testing  of  these  parts. 


14557  PD  E I  ement 

Figure  5  shows  a  sketch  of  the  tiring  pin  in  the  M557  PD  element.  Under 
set  forward  deceleration  it  is  possible  that  the  firing  pin  could  be  forced 
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through  the  washer  and  the  crimp  on  the  nose.  Using  a  spring  tester  the  load 
on  the  firing  pin  head  was  increased  until  the  crimp  sheared.  The  shear  ing 
force  measured  was  69  lbs  and  since  the  firing  pin  weight  is  0.021  oz  it  would 
require  52000  G's  of  setforward  deceleration  to  drive  the  firing  pin  through 
the  crimp.  Since  the  highest  flick  ramming  G's  never  exceeded  1833  G's,  this 
failure  mode  can  be  disregarded. 

M739  Luza  FJjiLag  Ein 

A  possible  mode  of  failure  in  the  M 739  fuze  Is  for  the  firing  pin  head  to 
conic,'  off  the  firing  pin.  According  to  the  drawing  specifications  for  part 
#9294('06,  it  would  take  80  lbs  to  pull  the  head  off  the  pin.  In  the  actual 
asso  lb  I y  as  shown  in  figure  6  more  force  would  be  required  since  the  firing 
pin  head  is  also  held  by  the  firing  pin  tube.  Since  the  pin  weighs  0.03  oz, 
ul- ing  80  lbs  as  a  conservative  estimate  it  would  require  42000  G's  setforward 
deceleration  for  this  mode  of  failure  to  occur.  Therefore,  this  type  of 
failure  can  also  be  ruled  out. 

tiZ32  Fuze.  LiiUna.  Pin  Support 

Another  pofontial  mode  of  failure  in  the  M739  fuze  is  for  the  firing  pin 
support  to  col  lapse.  According  to  the  drawing  part  number  9258614,  it  takes 
about  100  lbs  to  col  lapse  the  firing  pin  holder.  Since  the  detonator  housing 
weighs  0.075  ounces,  this  mode  of  failure  would  require  a  set  forward 
deceleration  of  21,000  G's. 

M577  Fuze  Time  Assembly 

In  +ha  Mn77  fn*70  +ho  alom£in+c  annoAroH  +r»  ho  ■fho  +imor  hpirQ^rinn 

tube  and  the  timer  hairspring.  A  sketch  of  this  mechanism  is  shown  in  figure 
7.  According  to  drawing  parf  number  9236712,  the  timer  hairspring  tube  must 
be  able  to  withstand  a  load  of  800  lbs.  The  weight  of  the  tube  was  calculated 
io  be  0.054  ounces.  To  break  this  press  fit  would  require  a  setforward 
deceleration  of  235000  G’s.  According  to  the  same  drawing,  it  would  require  9 
lbs  to  pull  the  fmer  hairspring  free  of  Its  collar.  The  weight  of  the 
hairspring  was  calculafod  to  be  0.002  ounces.  It  would,  therefore,  require 
65000  G's  to  pull  the  hairspring  free. 


MTiZ  LuZ£ 


e 


Three  M732  inert  fuzes  were  mounted  cn  inert  155mm  projectiles  and  rammed. 
All  three  fuzes  locked  undamaged,  hadn't  turned  and  felt  tight  in  a  hand  grip. 
Tf,e  three  fuzes  were  disasembled  and  riothing  unusnaly  was  observed,  Receni 
air  gun  tests  at  Picatinny  Arsenal  ^  indicate  that  the  time  setting  torque 
could  be  seriously  degraded  when  the  fuzes  were  subjected  to  setforward 
decelerations  between  1000  G's  and  2000  G's  for  a  duration  of  5  milliseconds. 

XM762  ELuzii 

This  fuze  is  in  the  engineering  development  phase.  Discussions  with  the 
project  engineer  did  not  point  Io  any  part  of  the  mechanism  as  being  possibly 
subject  fo  fail ure. 
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MI  Delay  PI unger 


The  M1  delay  plunger  which  Is  built  Inlo  the  inventoiy  of  M557,  M572  and 
M739  fuzes  provides  a  functioning  time  delay.  A  sketch  of  this  device  is 
shown  in  figure  0.  Since  the  delay  elemeni  is  designed  to  function  due  to  the 
setforward  deceleration  generated  when  the  projectile  impacts  and  penetrates  a 
wal  I,  it  is  possible  that  it  could  also  function  wiien  the  projectile  Is  seated 
by  flick  ramming.  The  iiiujor  difference  is  Ihat  i  he  projectile  has  a  high  spin 
when  it  impacts  a  larget  whereas  there  is  no  spin  when  it  is  flick  rammed.  As 
a  result  the  sefforward  deceleration  would  have  to  be  sufficient  to  retract 
the  centrifugal  pins.  Since  the  centrifugal  pins  are  skewed  at  an  angle  of  15 
degrees  in  +he  direction  of  flight  it  is  possible  that  tliere  would  be  a 
componcnr  of  the  deceleration  G's  sufficiently  large  to  cause  the  pins  fo 
retr  aci.  As  the  cenirifugal  pins  retract,  the  spin  lock  detent  (not  shown  in 
The  figure)  will  play  no  role  s  i  nee  the  p  I  unger  i  mmed  i  a  f  el  y  r  i  des  forward  over 
the  plunger  support.  Once  the  plunger  goes  forward  the  delay  element  would  be 
dr  iven  into  the  firing  pin.  The  initiation  of  the  delay  element  would  in  turn 
damage  the  S&A  causing  the  round  to  be  a  "dud".  Qua  I i1  at i vel y  there  is  the 
possibility  of  a  malfunction  of  the  Ml  Delay  Plunger  and  the  question  remains 
fo  be  answered  if  quantitatively  there  is  enough  energy  fur  this  to  occur. 

Cgntri  fijflaJ  Eln  oM  S^i-iny 

In  order  to  proceed  quantitatively  the  differential  equations  for  the 
motion  of  the  centrifugal  pins  as  well  as  for  the  plunger  are  requirec*.  The 
differential  equation  for  the  centr i fual  pins  is  given  by: 

P  rrt  IB  -  Ax  -  mg  Gr 

X  (o  )  =0 
X  (o)  ==  o 

m  is  the  mass  of  the  confrifugal  plunger  pin,  0.116  X  10“'^  lb 

sec"^/  i  rich 

X  is  the  displacement  of  ttie  centrigual  plunger  pin,  inches 
k  is  the  centrifugal  plunger  pin  spring  rate,  0.19  lb/ inch 
g  Is  tne  gravitational  acceleration,  386.4  inches/sec 
G^p  centrifugal  plunger  pin  spring  preload,  17  G's  (M ! L-P-1 0480 ) 

G^(t)  is  the  longituainal  component  of  setforward  deceleration 
coefficieni  of  friction 

©a  angle  between  the  centrifugal  plunger  pin  and  the  perpendicular 
tc  the  spin  axis,  15  degrees  (see  figure  8) 

G|_(1)  transverse  or  balloting  component  of  deceleration 
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Fot  the  purposes  of  analysis  equal  ion  1  can  be  writfen  In  the  form 

2)  x  =  g  +  g  (0i(i}^9,-  Gr^*)c*o9,'^ 


where 

3)  e-0*  sr  w  ^  Jier» 

Cl  iinyer  Assemb  ly 

The  differential  equation  for  tlie  motion  of  the  plunger  Is 

4 )  -kfy -  ***/»  3  ^ 

mass  of  the  plunger  body  2.74  X  1 0~^  lb-sec/ Inch 
plunger  restraining  rate  3.9  Ib/inch 

Gs  plunger  restraining  spring  preload  13  6* s 
For  the  purpose  of  integration  equation  4  can  be  written  as 

5 )  y  -  -  y  “  ^  ^  Gf  it)  3 

wher'e  -  20  herz 


Results  iPl  ±li£  Computer  Simulation 

The  d  I  r  fe I  enl  i  d  I  equa  I  i  uiis  1  aiiu  4  wei  e  sol  ved  s  i  mu  M  dneou s  I  y  eiiip  I  uy  I  ng  a 
Special  purpo'ie  computer  program  for  solving  ordinary  differential  equations 
called  ACSL  .  The  results  for  test  29  rammed  a  f  QE  of  30*^  are  shown  in 
figure  9.  In  figure  9  three  curves  are  superimposed.  These  are  the  axial 
sefforward  G's  (650  G's  max.)  and  the  displacement  of  the  centrifugal  plunger 
pins  together  with  tiie  plunger  displacement.  To  cause  initiation  of  the  delay 
element  the  centrifugal  pins  must  displace  0.095  inches  before  fhe  pin  and 
plunger  assembly  are  rammed  againsf  1he  plunger  support.  In  figure  9  the 
coefficients  of  fr  iction  of  both  1he  centrifugal  pins,  ,  and  the  plunger 
body,  '  were  taken  equal  to  0.1.  The  relationship  of  the  plunger  assembly 
with  respect  to  1he  plunger  support  is  shown  in  figure  10.  The  cenfrifugal 
piiib  must  release  before  fhe  plunger  moves  0.059  inches.  In  figure  9  thie  pins 
displace  only  0.044  Inches  before  being  rammed  against  the  plunger  support. 


If  the  G  trace  were  to  be  multiplied  by  1.5  it  would  peak  at  1000  G’s. 
Mainfainlng  the  coefficients  of  friction  //^  an  d  equal  to  0.1  the  results  of 

a  simulation  are  shown  in  figure  11.  Once  again  the  pins  are  t  ammed  against  the 
plunger  support  before  they  free  the  plunger. 

The  simulation  was  rerun  using  the  630  G  pulse  and  the  coefficient  of 
plunger  friction  was  set  equal  to  0.5.  Again  the  Ml  delay  plunger  does  not 
function.  The  simulation  was  repeated  with  the  same  coefficients  of  friction 
and  a  1000  G  pulse.  Although  the  pins  displace  somewhat  further  there  is 
no  functioning  of  the  Ml  delay. 
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However,  if  the  preload  on  the  plunger  t.pring  is  increased  from  13  G's  to 
100  G's  the  Ml  delay  will  almost  function.  The  main  effect  of  the  high 
preload  is  to  delay  motion  of  the  plunger  until  the  pins  release. 

A  higher  preload  on  the  plunger  spring  (150  G's)  allows  the  pins  to  clear 
the  plunger  support  permitting  the  plunger  to  move  forward.  However,  as  shown 
in  figure  12  the  plunger  does  not  close  the  0.2  inch  gap  to  the  firing  pin  as 
the  plunger  spring  is  too  stiff. 

If  the  conditions  of  the  previous  simulation  are  repeated  except  that  the 
peak  G's  are  increased  to  2000  G's  the  Ml  plunger  assembly  will  function. 

This  is  shown  in  figure  13.  The  peak  kinetic  energy  is  over  200  inch  ounces 
which  would  initiate  the  Ml  delay  element.  On  the  other  hand  a  2000  G  pulse 
and  a  13  G  preload  on  the  plunger  causes  the  pins  to  jam  the  plunger. 

In  conclusion,  the  race  between  the  plunger  and  the  centrigual  pins  is  won 
by  the  plunger  unless  the  plunger  spring  stiffness  is  increased  by  a  factor  of 
10. 


Efi.ec.t  fli  Plunger  S upper .1  I nterference 

The  question  remains  to  be  answered  as  to  whether  the  Ml  delay  assembly  can 
function  when  the  retraction  of  the  cenfrifugal  pins  is  interfered  with  by  the 
plunger  support.  The  head  of  the  centrifugal  pin  is  undercut  by  13*^  which 
produces  an  additional  normal  force  on  the  pins.  Taking  this  additional  normal 
fni  re  into  acoount  makes  the  free  body  diagrarri  two  dimensiona!  as  shown  in 
figure  14.  For  convenience  the  angle  of  the  pin  and  the  angle  of  the  undercut 
were  both  taken  as  0^  =  15°.  From  this  figure  the  equation  of  equilibrium  can 
be  read  d!  recti  y . 

5a )  A/  ooo  fl*-  mg  ~  Gr  ® 

65)  6 j Qtf  -mg  A/c«0<,-  HaZt.  B„ 

In  these  two  equations  te^ms  of  the  order  of  have  been 

neglected.  Combining  these  equations  yields: 


7) 


x'  c  5  —  g  Gr  g  (GfCroev'*  Gr^^ 


Since  al I  the  terms  in  this  equation  are  negative  the  pins  cannot  move. 

Only  the  bal  letting  force  G|_{t)  can  change  sign.  Since  the  two  pins  are 
diametrically  opposed.  If  the  bal lofting  drives  one  pin  out,  it  drives  the  other 
pin  into  engagement  with  the  plunger  support. 
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Figure  3 
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Ml  DELAV  PLUNGER  P\SS7  AND  n739  FUZES 


DELAY  ELENENT 
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PLUNGER  SUPPORT 
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CEMTRIFUGAL  PLUNGER  PINS 


Figure  8 
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Ml  OELftY  PLUNGER  CENTRIFUGflL  PIN  AND  PLU 
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1.  INTRODUCTION 

The  inioortarice  of  compureir  jiir.uiatior.s  of  performance  of 
complex  mechanical  systems  has  lorq  been  recoqrhzed.  The  Army  Materiel 
Systems  Analysis  Activity  (AMSAA)  has  developed  an  armored  vehicle 
model  for  studies  of  automotive  performance,  hit  probability  estimations, 
and  related  parameters.  Since  qun  oynamics  is  to  play  an  important 

role  in  weapon  accuracy,  it  was  deemed  appropriate  to  replace  the  rigid 
qur,  tube  portion  of  the  AMSAA  stodcl  with  a  relatively  simple  qun 
dynamics  model  supplied  by  the  Ballistic  Research  Laboratory  (BRL). 

In  this  papv?r  we  describe  the  integrated  model,  includinq  the 
limitations  and  simp! ifyi.-iq  asrumptions  concornir.q  the  qun  dynamics 
portion,  and  o-esent  compdrisons  betireen  computer  simulation  output  of 
muzzle  motion  with  actual  recov'ded  muzzle  motion  from  a  moving  vehicle 
ove,  various  types  of  terrain. 

2 .  OVERVIEW  OF  THE  INIEGKAT ED  WEAPON  ARMORED  VEHICLE  MODEL  (IWAVM) 

The  igun  dynamics  model  used  in  the  simulation  has  as  its  basis 
a  modeling  techniqi;?  devalcped  by  Boresi  (1).  This  technique  involves 
the  use  of  a  finite  element  method  to  simulate  the  dynamic  response 
of  the  qun  tube  to  mount  motion  ann  ballistic  loadinq.  For  the  purooses 
of  the  current  computer  model,  numerous  siqnificant  changes  have  been 
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made  by  one  of  the  authors  to  the  original  modeling  technique.  In 
particular,  the  recoil,  the  interior  ballistics,  and  the  mount  motion 
sections  of  the  model  were  completely  reworked  to  reflect  mere  realistic 
conditions. 

The  original  interior  ballistics  portion  of  the  model  used  the 
so-called  standard  equations  for  pressure  and  projectile  acceleration 
and  travel  from  Corner  (2).  These  equations  suffer  from  two  main  diffi¬ 
culties.  Namely,  the  phasing  between  pressure  and  acceleration  is  not 
accurate,  and  an  additional  inflection  point  which  results  in  incorrect 
curvature  near  the  critical  muzzle  exit  point.  To  correct  this  problem, 
the  simulation  was  modified  to  use  actual  pressure,  acceleration,  velocity  and 
travel  curves  for  particular  projectiles. 

Figures  1  through  4  depict  the  modified  and  augment  Corner 
interior  ballistic  responses  for  the  M392  projectile  used  in  the  simulation. 
These  data  curves  were  obtained  by  averaging,  u.nng  ammunition  lot  acceptance 
data.  The  fact  that  the  interior  ballistics  were  modifieo  necessitated 
reworking  the  recoil  section  of  the  code,  since  the  interior  ballistic 
forces  drive  the  recoil  mechanism.  In  this  case,  the  same  scaling  between 
projectile  acceleration  and  recoil  acceleration  was  used  as  in  the  original 
version.  The  breech  is  modeled  es  a  solid  mass  with  axis  offset  from  the  bore 
axis. 

To  accommodate  vehicle  motion  input  to  the  trunnions,  the  model  was 
modified  to  accept  time  series  data,  instead  of  using  a  Fourier  expansion 
as  fenced  base  motion.  In  this  way,  actual  data  recorded  from  vehicle 
road  and  cross-country  tests  could  be  input  to  the  gun  dynamics  portion  of 
the  model  for  comparison  with  response  to  simulated  vehicle  motion.  This 
also  allows  actual  firing  data  from  moving  vehicles  to  be  conip.ared  with  the 
simulation.  It  should  be  noted  that  in  the  current  model,  only  gun  tube 
motion  in  the  vertical  plane  is  simulated.  It  is  anticipated  that 
future  developments  will  include  a  full  six-degree-ot-freedom  gun  dynamics 
model,  for  more  reaMstic  simulation. 

The  gun  dynamics  model  has  been  run  independently  of  the  vehicle 
model  for  verification  of  its  output  in  terms  of  response  to  ballistic 
leading.  On  the  basis  of  available  experimental  data  for  comparison,  the 
model  gives  an  adequate  representation  of  the  actual  firing  dynamics  of  the 
M68  105mm  tank  cannon.  Comp.irisons  of  test  data  with  computer  runs  of 
the  full  simulation  show  good  correlation,  especially  of  muzzle  vibration 
frequencies. 

The  motivation  for  integrating  the  Boresi  gun  dynamics  model 
into  a  detailed  engineering  model /simulation  uf  an  armored  vehicle  stems 
from  an  analytical  need  to: 
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Figure  2.  Inferior  Ballistic  Data  for  AA392  Projectile  Acceleration  (Ft/Sec/Sec) 
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a.  Characterize/Quantify  this  error  source  and  it's  impact 
on  weapon  system  delivery  accuracy,  especially  for  dynamic  situations 
such  as  firing  on  the  move,  and 

b.  Study  possible  fire  control  modifications/algorithms 
designed  to  correct  for  muzzle  flexure  induced  errors  resulting  from 
base  motion  disturbances  and  interior  ballistic  efforts.  Besides  enhanc¬ 
ing  the  delivery  accuracy  capability  of  a  weapon  study,  this  study  has 
the  potential  of  increasing  target  servicing  rates  by  allowing  firing 

of  the  weapon  under  extreme  base  motion  disturbances  resulting  from 
high  terrain  severity  conditions.  Figure  5  depicts  the  functional 
block  diagram  of  the  "Integrated  Weapon  Armored  Vehicle  Model"  (IWAVM) 
that  has  been  jointly  developed  by  the  US  Army  Materiel  Systems  Analysis 
Activity  and  US  Army  Ballistic  Research  Laboratory. 


The  digital  computer  simulation  of  an  armqred  vehicle  weapon 
system  that  is  being  used  in  the  study  contains  representations  of 
the  vehicle  and  target  motion,  suspension  characteristics,  weapon/turret 
servo  drives,  fire  control,  sight/reticle  servo  drives,  human  gunner 
model,  human  driver  performance  characteristics  and  terrain  profiles. 
Briefly,  the  basic  subroutine  modules  are: 


a . 
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r  ik:)  I  , 
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gravity,  mass  unbalance  and  scenario  conditions  for  a  run  are  initialized. 


b,  SUBROUTINE  MOTION,  which  generates  the  motion  of  the  road 
wheel  over  either  an  APG  Bump  Course  or  Micro  Terrain  Profile  and  the 
angular  motion  of  the  hull  on  the  suspension.  In  turn  it  calls  SUBROUTINE 
BUMP,  in  which  the  terrain  or  APG  Stabilization  Bump  Course  is  modeled, 
and  SUBROUTINE  SUSPEN,  in  which  the  torsion  bar,  volute  springs,  suspension 
stops,  and  dampers  are  described. 


c.  SUBROUTINE  DRIVE,  which  describes  both  the  elevation  and 
azimuth  stabilization  drives  to  include  the  analog  compensation  networks, 
hydraulic  servo  valves,  load  dynamics,  gear  box  characteristics  and  sensors. 

d.  SUBROUTINE  GUNNER,  in  which  the  human  dynamical  responses, 
decision  making,  and  action  and  visual  thresholds  are  modeled. 

e.  SUBROUTINE  SIGHT,  which  simulates  the  gun-director  type 
fire  control  in  the  elevation  sight  axis  and  the  driven-reticle  model  in 
the  azimuth  sight  axis. 

f.  SUBROUTINE  RETCON,  which  simulates  the  digital  control  laws 
programmed  in  the  ballistic  computer  for  commanding  the  azimuth  reticle 
servo. 


q.  SUBROUTINE  OFFSET,  which  emulates  the  Ml  elevation  and  azimuth 
algorithms  for  comouting  the  ballistic  offsets  for  the  kinetic-energy 
and  heat  rounds. 
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h.  SUBROUTINE  TRAJEC,  which  computes  required  weapon  to  target 
offsets  and  takes  into  account  target  motion  as  well  as  additional 
velocity  components  imparted  to  the  projectile. 

i.  SUBROUTINE  6UNDYN,  which  simulates  the  independent  weapon 
tube  flexure  responses  based  on  the  Boresi  model  formulations.  The 
model  has  been  modified  to  accept  vertical  and  gun  tube  translational 
motion  generated  at  the  trunnions  by  the  armored  vehicle  simulation. 

3.  SUMMARY 


To  date  the  Boresi  gun  dynamics  model  has  been  successfully 
integrated  with  the  Ml  engineering  armored  vehicle  model  and  exercised 
for  various  verificaiton/validation  scenarios.  Figures  6  and  7  depict 
actual  and  simulated  power  spectral  analysis  responses  for  the  M68 
105mm  weapon.  The  scenario  conditions  were  gravel  road  (0.5  inch  RMS  - 
Waterways  Experimental  Station  Terrain  Severity  Criterion)  at  15  mph. 
Both  simulated  and  actual  responses  generally  exhibit  the  same  resonance 
frequency  range  and  amplitude  levels. 

Further  verification  and  validation  work  as  well  as  additional 
refinements  to  the  model  are  being  pursued  prior  to  application  of  the 
IWAVM  simulation.  Future  work  will  focus  on  extending  the  model  to 
include  the  extended  105mm  as  well  as  the  lifOmm  gun  tubes. 
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ABSTRACT:  A  computer  programme  is  used  to  investigate  the 
.1 _  -t-Ko  x/aK-iahlgc  ujhirh  rontrlhutS  tO  the 

term  gun  jump'  and  the  manner  in  which  these  variables  change 
with  changes  to  the  gun  barrel  and  cradle  bearing  stiftness 
and  the  bearing  location.  Attention  is  drawn  to  the 
undesirability  of  high  rates  of  change  jf  certain  variables 
just  as  the  projectile  exits  the  barrel. 
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people  have  noticed  triat 
on  their  expected  tarvoet. 

are  concerned  wi th  the 
a  given  projectile  impact 

The  flight  of  the  projectile  to  the  target  can  be  considered 
in  three  phases: 

(a)  Interior  ballistics  -  projectile  motion  within  the 
barrel . 

<b)  Intermediate  ballistics  -  projectile  launch,  propellent 
gas  blast  and,  for  sub-calibre  rounds,  sabot  separation, 
id)  E::tericr  ballistics  -  dcwnrange  flight  and  target 
1 mpact . 

In  this  paper  we  will  consider  the  motion  of  the  gun  barrel 
and  its  mounting  up  to  projectile  launch.  The  computer  program 
PAI'IA  o4  was  used.  This  program  was  written  and  deveioped  by 
The  Royal  Military  College  of  Science  and  a  paper  describing 
an  ear  1 1  er  \'ersicn  was  presented  to  the  3rd  US  Army  Symposium 
on  Gun  Dynamics  (  I  )  . 


I  .  irJTRCDUCTION 

Since  the  seventeenth  century  many 
gun  projectiles  do  not  always  land 
Attempts  to  improve  gun  accuracy 
sources  and  mechanisms  which  cause 
distribution  at  the  target. 


2 . DESCRIPTION  GF  COMPUTER  MODEL 

I  he  mathematical  model  represents  a  fle:;ible  gun  barrel 
mounted  in  a  rigid  body  cradle.  The  cradle  is  able  r'otate 
about  its  trunnions,  its  rotational  movement  being  resi  :.teri  by 
an  elevating  gear  stiffness  coupled  to  a  slipping  clutch  i.see 
Figure  1).  The  barrel  can  have  breech  and  .Tiuccle  .nasses 
attached  to  it. 


Copyright  C  Controller  HMSO  London 
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At  the  barrel /criidl  e  interface  are  two  identical  cvlindrical 
elastic  bearings  of  finite  length.  The  hearing  positions  and 
parameters  can  be  varied. 


Figure  1  Schematic  of  the  Breech.  Barrel  and  Cradle 

The  theoretical  basis  of  the  model  is  the  Eul er-Bernoul 1 i 
theory  of  thin  beams.  The  model  is  subject  to  both  fle;;ural 
and  a;;ial  vibrations.  The  resulting  differential  equations 
with  their  boundary  conditions  are  numerically  solved  using  an 
implicit  finite  difference  algorithm.  The  program  is  now  very 
user  friendly  and  data  files  are  easily  compiled,  edited  and 
recorded . 


The  algorithm  used  for  the  solution  of  the  differential 
equations  is  efficient  and  robust.  The  method  of  solution  was 
described  in  the  earlier  paper. 


3 . PARAMETERS  1 NVEETIGATED 


In  a  pre-,  ious  paper  presented  to  the  TTCF’  KTA6  Second  Worl  shop 
in  September  1984  (S/  ,  the  p*'edicted  effect  of  local 

stiffening  and  mass  r  c'd  i  str  i  but  i  on  of  the  gun  barrel  was 
examined.  One  parameter  not  eramined  in  the  fTA6  paper  was 
that  of  cradle  bearing  stiffness. 

t  should  be  emphasised  that  the  gun  system  parameters  used  in 
IS  1 nvest i gat i on  are  for  illustrative  purposes  only  and  do 
i:Ot  represent  a  current  tank  gun  nor  any  proposed  future  tank 
gun.  The  effects  due  to  changes  in  three  parameters  will  be 
G'.<  ami  ned : 


(a)  Gun  barrel  stiffness 
(b>  Cradle  bearing  spacing 
(c)  Cradle  bearing  stiffness 
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4 .  r.HnTCF  OF  OUTPUT  VARIABLES 

If  wG  intend  to  produce  a  'better'  gun  we  must  decide  what 
measured  criteria  we  will  accept  as  producing  an  i  mproveinent . 
In  this  paper  the  vibration  and  yaw  angle  of  the  projectile 
within  the-  gun  barrel  will  not  be  considered,  although  seme 
work  in  this  area  does  look  promising.  The  assessment  will 
simply  compare  gun  muzzle  transverse  velocity,  muzzle  slope 
and  gun  cradle  rotation. 

It  could  be  claimed  that  a  gun  system  giving  a  consistently 
high  'gun  jump'  figure  (see  Figure  2) ,  would  give  a  constant 
bias  which  could  be  compensated  for  within  the  sightir.g 
system.  It  should  be  mentioned,  however,  that  a  gun  which  :s 
sensitive  to  small  production  variations  will  probably  lead  to 
variable  accuracy  whereas  a  gun  which  demonstrates  a  lower 
sensitivety  to  changes  in  these  parameters  would  probably  he 
termed  an  'improvement'. 


5, RESULTS 


5. 1  Gun  barrel  stiffness 

Two  gun  barrel  conf i gurat i ons  were  examined  and  are  shown  in 
outline  in  Figure  3. 

The  first  configuration  was  used  to  examine  the  effect  of 
inserting  a  more  compliant  barrel  section  between  the  breech 
and  the  forward  cradle  bearing  whilst  retaining  the  same 
recoiling  mass.  The  barrels,  of  course,  no  longer  retain  the 
same  degree  of  balance. 

In  almost  every  case  Configuration  No. 1  is  the  worst  case  in 
terms  of  the  maximum  disturbance  amplitude,  although  close  to 
shot  exit  (just  o'.-er  Tms)  ,  there  is  often  little  difference.  -A 
comparison  of  barrel  transverse  velocity  at  the  muzzle  is 
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shown  in  Figure  4;  note  the  di -f -f  erence  in  the  rates  c-F  change 
at  shot  e::ir.  At  -'ms  the  cradle  rotation  is  about  double  that 
of  the  second  ccn-f  i  yura.ti  on. 
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Figure  3  Barrel  Con  figurations 


H  iTior  e  detailed  e::amination  o-f  the  results  is  con^^inad 
Configuration  No.C. 


Forward  cradle  bearing  position 

The  forward  cradle  bearing  position  was  increased  in  I'.CiT! 
increinenta  from  Im  to  2m.  The  muzzle  transv  t  se  velocitv  does 
not  e;;hibit  a  marked  change  before  shot  e::it  (see  Figure  5). 
The  muzzle  slope  figures  also  show  the  major  differences  to 
occur  after  shot  e;:  1 1  (see  Figure  6).  The  cradle  rotation 
reaches  a  ma.'iimum  value  earlier  as  the  cradle  bearing  spacing 
IS  increas  d  (from  9.5ms  down  to  Qrris)  and  the  ma;;iit;um 
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amp  1 i tuds 
however , 
spaoing 
cr ad  1 e. 


le  reduced  Prom  O.Smr  to  O.Smr.  nt  shot  e:;  i  t  , 
the  cradle  rotation  increases  with  the  cradle  bearing 
since  1  arqer  inoments  are  being  passed  into  the 


Fioure  5  Nuazle  Transygr-ga  Veioc itv 
G-sph  numberiny  lianotes  cradle  bearing  spacing  in  metres 


Graph  numibei'ing  cs'’.otes  cradle  bearing  spacing  in  metres 


5 . 3  Cradle  bearing  stiPPness 

A  number  of  c.-adle  bearing  stiffnesses  were  examined  but  only 
three  are  shown.  The  units  of  bearing  stiffness  are  Newtons 
per  metre  deflection  per  metre  lerigthi  of  bearing.  Tne  figure 
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o-f  1.0;:  Nm/m  15  oftfi?n  used  dind  these  results 

with  i!'.5;;10*^  Mm/m  and  5.0:;  10*^  Nm/m. 


are 


ccmp  ar ed 


E;:ami  nation  o-f  the  muzzle  transverse  velocity,  muzzle  slope 
and  cradle  rotation  graphs  indicated  that  the  e-f-fect  o-f  the 
o-fter  bearings  was  small,  whereas  the  e-f-fect  o-f  the  sti-f-fer 
earing  was  quite  noticeable;  in  particular  note  ttie  lower 
rates  of  change  with  the  sti-ffer  bearings.  It  should  he  noted 
that  the  stiffen  bearings  were  much  stiffen  from  the  standard 
figure  than  the  degree  of  softening.  The  results  are  shown  in 
Figures  7,  8  and  9. 
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Figure  9  Cradle  Rotation 

Graph  numbering  denotes  cradle  bearing  sti-f-fness  k1(.'  '  Nm/ m 


The  results  are  only  true  -for  the  combinations  of 
bearing  stiffnesses  together  with  the  gun  balance 
locations. 


barrel  and 
and  bearing 


The  computer  model  used  for  this  work  had  linear  elastic 
bearings  with  no  backlash.  The  model  indicates  a  substantially 
changed  response  with  different  stiffness  cradle  bearings.  The 
program  is  in  the  process  of  i ncorpor at i ng  a  cradle  bearing 
model  which  includes  backlash.  A  paper  by  Bulman  indicates  the 
possible  effects  of  bearing  backlash  (3>  . 

Glnce  the  cradle  is  considered  as  a  rigid  body  the  quoted 
bearing  stiffness  includes  the  effective  cradle  stiffness. 

The  output  variables  chosen  are  not  the  only  variables  thiat 
can  be  examined  and  some  projectiles  are  known  to  be  sensitive 
to  ceroain  launch  conditions.  As  Powell  demonstrates,  the 
projectile  dynamics  within  the  gun  barrel  can  be  important. 
(4).  Howeve-^ ,  based  on  our  simple  criteria  the  p'-eferred 
system  would  be  Configuration  No. 2  with  the  stiffer  cradle 
bearings. 

It  is  considered  that  the  computer  model  has  improved  our 
appreciation  of  the  dynamic  interactions  within  the  weapon 
system  and  that  properly  supported  by  trials  results  it  will 
assist  us  in  producing  a  more  effective  weapon  system. 
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